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HIGH  STRAIN  RATE  PROPERTIES  OF  ANGLE-PLY  COMPOSITE  LAMINATES 


ABSTRACT 

Angle-ply  graphlte/epoxy  and  graphite/S-glass/epoxy  laminates  were 
characterized  In  uniaxial  tension  at  strain  rates  ranging  from  quasi-static 
to  over  500s“\  Laminate  ring  specimens  of  [±22.5]2g,  [±30325, 

[i45]2g,  [±67,5325  were  loaded  under  Internal 

pressure.  Results  were  presented  In  the  form  of  stress-strain  curves  to 
failure.  Properties  determined  Included  moduli,  Poisson's  ratios,  strength, 
and  ultimate  strain.  In  all  seven  laminates  for  the  two  materials  tested 
the  modulus  and  strength  Increase  with  strain  rate.  The  effect  of  strain 
rate  varies  with  layup,  being  lowest  for  the  fiber  dominated  [±15125 
and  highest  for  the  matrix  dominated  C±T5325  laminates.  The  highest  Increments 
over  the  static  values  are  10%  to  25%  for  the  [±15325  layup  and  200%  to  275% 
for  the  [±75325  layup.  Ultimate  strains  do  not  show  any  significant  trends 
with  strain  rate.  In  almost  all  cases  the  ultimate  strain  values  are  within 
±20%  of  the  mean  value  and  in  half  of  the  cases  the  deviations  from  the  mean 
are  less  than  10%. 
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HIGH  STRAIN  RATE  PROPERTIES  OF  ANGLE-PLY  COMPOSITE  LAMINATES 

1 .  INTRODUCTION 

In  Part  I  of  this  report  methods  were  described  for  testing  and  charac¬ 
terization  of  composite  materials  at  strain  rates  ranging  from  quasi-static 
to  over  SOOs'^  Three  unidirectional  materials  were  characterized:  SP288/T300 
graphite/epoxy,  SP288/AS  graphite/epoxy,  and  80AS/20S/PR288  graph1te/S-glass/ 
epoxy. 

It  was  found  that  the  longitudinal  modulus  increases  moderately  with 
strain  rate  by  up  to  202,  but  the  longitudinal  strength  and  ultimate  strair 
did  not  vary  much.  Transverse  modulus  and  strength  increase  sharply  with 
strain  rate,  reaching  values  up  to  three  times  the  static  value.  The  in-plane 
shear  modulus  and  shear  strength  increase  noticeably  with  strain  rate  by  up 
to  approximately  652.  In  all  cases,  it  was  found  that  ultimate  strains  did 
not  vary  with  strain  rate  in  any  significant  manner. 

In  Part  II  of  this  report  the  same  experimental  methods  were  used  to 
characterize  unidirectional  off-axis  laminates  in  the  same  range  of  strain 
rates.  Rings  of  [22. 5g],  [30g],  and  [45g]  layups  were  tested.  Two  materials 
were  characterized:  SP288/AS  graphite/epoxy  and  80AS/20S/PR288  graphite/ 
S-glass/epoxy.  It  was  found  that  in  all  three  laminates  of  both  materials 
the  modulus  and  strength  increase  sharply  with  strain  rate,  reaching  values 
roughly  1002,  1502,  and  2002  higher  than  corresponding  static  values  for  the 
[22. 5g],  [30g],  and  [45g]  laminates,  respectively.  In  the  case  of  ultimate 
strain  no  definite  trends  were  established,  but  the  maximum  deviation  from  the 
average  was  less  than  182. 

The  objective  of  the  task  descrived  in  this  Part  III  of  the  report  is  to 

characterize  angle-ply  composite  laminates  in  uniaxial  tension  at  three  strain 

rates.  The  same  material  systems  were  characterized  as  in  the  case  of  the 

off-axis  laminates.  The  three  strain  rates  selected  are  quasi-static,  inter- 

-4  -1  -1 

mediate,  and  high  rates  ranging  from  10  s  to  over  500s  .  All  characteriza¬ 

tion  tests  were  conducted  by  testing  thin  rings  10.16  cm  (4  in.)  in  diameter, 
2.54  cm  (1  in.)  wide,  and  8-plies  thick  under  internal  pressure.  Rings  of 
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[±15]25,  [±22.5]23,  C±30]2s*  ^^2s* layups 

were  tested.  Three  replications  per  test  were  used.  The  data  were  analyzed 
according  to  procedures  described  in  Part  I  of  this  report.  Results  were 
presented  in  the  form  of  stress-strain  curves  to  failure.  Properties  determined 
included  initial,  secant,  and  terminal  strain  rates;  initial,  secant,  and 
terminal  modulus  and  Poisson's  ratio;  and  strengh  and  ultimate  strain.  The 
effects  of  strain  rate  on  the  various  properties  are  discussed  below. 
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2.  QUASI-STATIC  TENSILE  PROPERTIES  OF  ANGLE-PLY  LAMINATES 


Quasi-static  tensile  properties  of  laminates  were  obtained  by 

testing  rings  instrumented  with  strain  gages  under  internal  pressure.  Three 
rings  were  tested  for  each  of  the  two  material  systems,  the  SP288/AS  graphite/ 
epoxy  and  the  80AS/20S/PR288  graphite/S-glass/epoxy,  and  for  each  of  the 
values  of  0  =  15®,  22,5®,  30°,  45®,  60®,  67.5®,  and  75°,  Each  ring  was 
instrumented  with  a  2-gage  rosette  with  elements  in  the  axial  and  circumferen¬ 
tial  directions. 

Stress-strain  curves  for  all  specimens  tested  are  shown  in  Figures  2-1 
through  2-41.  Values  for  the  modulus,  Poisson's  ratio,  strength,  and  ultimate 
strain  computed  from  these  curves  are  shown  in  these  figures  and  summarized 
in  Tables  2-1  and  2-2.  All  but  the  specimens  show  nonlinear  strain 

response  to  failure.  Difficulties  were  encountered  with  the  C±45]2g  specimens 
due  to  excessive  deformation  of  the  rings.  These  specimens  deformed  into  a 
conical  shape  and  allowed  the  bladder  to  extrude  through  the  opening  between 
the  sides  of  the  ring  specimen  and  the  steel  plates  in  contact  with  them. 

For  these  reasons  only  lower  bounds  are  given  in  Tables  2-1  and  2-2  for  the 
strength  and  ultimate  strain  values  of  these  specimens. 

Tables  2-1  and  2-2  include  also  results  for  the  modulus  and  Poisson's 
ratio  calculated  using  measured  unidirectional  properties.  The  agreement 
between  experimental  end  predicted  values  is  satisfactory.  The  calculated 
properties  were  obtained  by  using  a  computer  program  called  SQ5.  This  program 
is  a  point  stress  analysis  of  a  laminate  under  in-plane  loads,  moments,  and 
temperature  effects.  The  formulation  uses  the  usual  lamination  theory  whereby 
the  laminate  constitutive  relations  are  derived  from  those  of  each  ply  of  the 
laminate. 

The  modulus  of  the  hybrid  laminates  is  lower  than  that  of  the  graphite/ 
epoxy  laminates  for  O°<0<45°,  but  the  relationship  is  reversed  for  45°<e<90°. 
The  strength  of  the  hybrid  laminates  is  consistently  lower  than  that  of  the 
graphite/epoxy  laminates  for  all  layups.  Poisson's  ratios  for  the  hybrid 
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laminates  are  lower  than  those  for  the  gra4)hite/epoxy  for  0°fei22.5®,  but  no 
significant  differences  exist  for  eiao®.  The  ultimate  strain  in  the  hybrid 
material  is  not  significantly  different  from  that  of  the  graphite/epoxy  for 
0®£e<30®,  but  it  becomes  smaller  than  that  of  the  graphite/epoxy  material 
for  e>45°. 


TABLE  2-1.  STATIC  TENSILE  PROPERTIES  OF  C±e]j,  ANGLE-PLY  SP288/AS  GRAPHITE/EPOXY  LAMINATES 


TABLE  2-2.  STATIC  TENSILE  PROPERTIES  OF  [lejps  ANGLE-PLY 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY  LAMINATES 


ORIGIN^’- 
OF  POOR  QUAUrY 
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Note:  Fiber  Volume  Ratios:  =  0.57  for  graphite/epoxy 

Vr  =  0.56  for  S-glass/epoxy. 
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Figure 


-2.  Strains  in  SP288/rtS  ring  specimen  under 

static  tensile  loading  (Specimen  No.  35-3). 


STRESS 


STRAIN,  e,  (10'^c) 

Figure  2-4.  Strains  in  [±15]2s  80AS/20S/PR288  ring  specimen 
under  static  tensile  loading  (Specimen  No.  36-1). 
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Figure  2-6.  Strains  in  R0AS/20S/PR208  ring  specimen 

under  static  tensile  loading  (Specimen  No.  36-5). 
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10.  Strains  In  l±?2.5]2s  R0AS/20S/PR288  ring  specinen 
under  static  tensile  loading  (Specimen  Ho.  34-1). 
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Ft9u«  2-15.  Strslns  [t3Plj  SP2WA|  specimen  pnPer  st.tlc 
tensile  loading  (Specimen  No.  Zn-aJ. 
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Figure  2-16,  Strains  in  [±30]^^  80AS/20S/PR288  ring  specimen  under 
static  tensile  loading  (Specimen  No.  29-1). 
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Figure  2-17.  Strains  in  [±3030^  80AS/20S/PR288  ring  specimen  under 
static  tensile  loading  (Specimen  No.  29-3). 
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Figure  2-18.  Strains  In  [tSOl^j  80AS/20S/PR288  ring  specimen  under 
static  tensile  load^n  (Specimen  No.  29-5). 


STRAIN,  c,  (lO^e) 


Figure  2-19,  Strains  in  [i45]2s  SP288/AS  *'ing  specimen  under 
static  tensile  loading  (Specimen  No.  24-1). 
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Figure  2-?1 ,  Strains  In  [14532,  SP2R8/AS  ring  specimen  under  static 
tensile  loading  (Specimen  No.  24-5)^ 
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Figure  2-26.  Strains  in  [i60]25  SP288/AS  ring  specimen  under 
static  tensile  loading  (Specimen  No.  22-3). 
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Figure  ?-30,  Strains  In  [:*60]2s  BnAS/?0S/PR288  ring  specimen 
under  static  tensile  loading  (Specin'en  No.  23-S). 
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Figure  2-32.  Strains  in  r+67.5]^^  SP288/AS  ring  specimen  under 
static  tensile  loading  (Specimen  No.  26-3). 
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Figure  2-37.  Strains  in  [i75]?s  SP28n/AS  ring  specimen  under 
static  tensile  loading  (Specimen  No.  20-1). 
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Figure  J-T9.  Strains  in  [+75]?,  SP288/AS  ring  specimen  under 
static  tensile  loading  (Specimen  Mo.  20-5). 
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qure  ?-40.  Strains  in  [±75]^,  80AS/20S/PR2SR  rinq  specimen 
under  static  tensile  loading  (Specimen  No.  21-1). 
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Figure  2-41.  Strains  in  [±75]2j  80AS/20S/PR2R8  ring  specimen  under 
static  tensile  leading  (Specimen  No.  21-5). 
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3.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF  ANGLE-PLY  LAMINATES 
3.1  C±15]25  LAMINATES 

Intermediate  rate  tensile  properties  of  SP288/AS  graphite/epoxy 

and  80AS/20S/PR288  graphite/S-gl ass/epoxy  were  obtained  by  testing  rings 
under  dynamic  internal  pressure.  Three  rings  of  each  material  were  loaded 
dynamically  using  650  mg  of  slow  burning  pistol  powder  (red  dot)  in  the 
pressure  chamber  of  the  fixture.  The  circumferential  and  axial  strains  in 
the  composite  rings  and  the  circumferential  strain  in  the  steel  calibration 
ring  were  recorded  in  every  case. 

Strain  records  for  the  three  graphite/epoxy  rings  are  shown  in  Figures  3-1, 
3-2,  and  3-3  (Specimen  Nos.  35-7,  35-10,  and  35-11).  These  data  were  analyzed 
following  the  procedures  described  in  Part  I  of  this  report  (Section  3.3.2). 
Results  in  the  form  of  dynamic  stress-strain  curves  are  shown  in  Figures  3-4, 
3r-5,  and  3-6.  Results  for  the  three  rings  tested  are  tabulated  in  Table  3-1. 

The  initial  strain  rates  range  between  9s”^  and  20s“\  and  the  average  (secant) 
rates -between  36s“^  and  52s"\  The  times  to  failure  range  between  184  ys  and 
213  ys.  The  initial  and  secant  moduli  of  121  GPa  (17.5  x  10^  psi)  and  123  GPa 
(17.8  X  10^  psi),  respectively,  are  higher  than  the  static  modulus  of  105  GPa 
(15.2  X  10^  psi)  by  15%  and  17%,  respectively.  The  average  initial  and  secant 
Poisson's  ratios  of  0.80  and  0.81  are  a  little  lower  than  the  static  value  of 
0.86.  The  average  dynamic  strength  of  1049  MPa  (152  ksi)  is  much  higher  than 
the  static  strength  of  823  MPa  (119  ksi).  The  Increase  in  dynamic  strength 
is  higher  than  the  increase  in  dynamic  modulus.  The  average  dynamic  ultimate 
strain  of  0.0086  is  higher  than  the  static  value  of  0.0078. 

Strain  records  for  the  three  hybrid  rings  are  shown  in  Figures  3-7,  3-8, 
and  3-9  (Specimen  Nos.  36-6,  36-10,  and  36-11).  The  corresponding  dynamic 
stress-strain  curves  are  shown  in  Figures  3-10,  3-11,  and  3-12.  Results  are 
tabulated  in  Table  3-2.  The  initial  strain  rates  range  between  16s“^  and 
18s’\  and  the  average  (secant)  rates  between  41  s"^  and  45s”\  The  time  to 
failure  ranges  between  222  ys  and  270  ys.  The  initial  and  secant  moduli  of 
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TABLE  3-1.  INTERMEDIATE  STRAIN  RATE  TENSILE 
OF  [±15]25  SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain 

(Eftfi). 

Rate  Modulus  (Eoo) 

s"^  GPa  (10  psi) 

Initial  Properties 

35-7 

20 

124  (17.9) 

35-10 

20 

124  (17.9) 

35-11 

9 

115  (16.6) 

Secant  Properties 

35-7 

52 

119  (17.3) 

35-10 

43 

128  (18.6) 

35-11 

36 

120  (17.4) 

Terminal  Properties 

35-7 

134 

135  (19.6) 

35-10 

80 

175  (25.3) 

35-11 

88 

131  (19.0) 

Ultimate  Properties 

Time  to  Strength 
Failure  (Sc9t)»  , 
liflilm  MPa  (ksi) 


PROPERTIES 


Poisson's 
Ratio  (Vfly) 

0.73 

0.80 

0.88 


0.78 

0.82 

0.84 


0.52 

0.60 

0.80 


Strain 


35-7 

35-10 

35-11 


184 

200 

213 


1129  (164) 
1107  (160) 
911  (132) 


0.0095 

0.0086 

0.0076 


TABLE  3-2.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±I5]2j  80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 

Strain 

Rate 

_§lL 

Modulus  (Eee), 
GPa  (10‘  psi) 

Poisson’s 
Ratio  (vfix) 

Initial 

Properties 

36-6 

16 

104  (15.0) 

0.56 

36-10 

18 

112  (16.3) 

0.50 

36-11 

16 

97  (14.0) 

0.25 

Secant  Properties 

36-6 

43 

97  (14.1) 

0.55 

36-10 

45 

99  (14.3) 

0.65 

36-11 

41 

88  (12.7) 

0,30 

Terminal  Properties 

36-6 

124 

106  (15.3) 

0.58 

36-10 

244 

86  (12.5) 

0.49 

36-11 

268 

81  (11.8) 

0.45 

Ultimate  Properties 

% 

Time  to 
Failure 

Strength 
{Sg0T) t 

MprUsI) 

Strain 

36-6 

222 

932  (135) 

0.0096 

36-10 

228 

997  (145) 

0.0101 

36-11 

270 

973  (141) 

0.0111 

104  GPa  (15.1  X  10®  psi)  and  95  GPa  (13.7  x  10^  psi),  respectively,  are 
higher  than  and  equal  to,  respectively,  the  Initial  static  modulus  of  95  GPa 
(13,7  X  10®  psi).  The  average  Initial  and  secant  Poisson's  ratios  of  0,44 
and  0.50  are  lower  than  the  static  value  of  0.68.  The  average  dynamic  strength 
of  968  MPa  (140  ksl)  Is  higher  than  the  static  strength  of  806  MPa  (11.7  ksl). 
The  average  dynamic  ultimate  strain  of  0.0103  is  higher  than  the  static  value 
of  0.0084. 

3.2  [±22. 5] 25  LAMINATES 

Intermediate  rate  tensile  properties  of  [±22.5]25  SP288/AS  graphite/ 
epoxy  and  80AS/20S/PR288  graphIte/S-glass/epoxy  were  obtained  by  testing 
rings  under  dynamic  Internal  pressure.  Three  rings  of  each  material  were 
loaded  dynamically  using  650  mg  pistol  powder  In  the  pressure  chamber  of  the  . 
fixture. 

Strain  records  for  the  three  graphite/epoxy  rings  tested  are  shown  In 
Figures  3-13,  3-14,  and  3-15  (Specimen  Nos.  33-10,  33-11,  and  33-13).  The 
corresponding  dynamic  stress-strain  curves  are  shown  In  Figures  3-16,  3-17, 
and  3-18.  Results  are  tabulated  In  Table  3-3.  The  initial  strain  rates 
range  between  8s”^  and  30s”^  and  the  average  (secant)  between  40s”^  and  48s"\ 
The  times  to  failure  range  between  187  ys  and  221  ys.  The  Initial  and  secant 
moduli  of  78.4  GPa  (11.4  x  10®  psi)  and  84.0  GPa  (12.2  x  10®  psi),  respec¬ 
tively,  are  close  to  the  static  Initial  modulus  of  81.4  GPa  (11.8  x  10®  psi). 
The  average  dynamic  strength  of  770  MPa  (112  ksl)  Is  exactly  equal  to  the 
static  strength.  The  dynamic  ultimate  strain  of  0.0093  is  lower  than  the 
static  value  of  0,0103. 

Strain  records  for  the  three  hybrid  rings  are  shown  In  Figures  3-19, 

3-20,  and  3-21  (Specimen  Nos.  34-2,  34-10,  and  34-11).  The  corresponding 
dynamic  stress-strain  curves  are  shown  in  Figures  3-22,  3-23,  and  3-24. 

Results  are  tabulated  In  Table  3-4,  The  Initial  strain  rates  range  between 
9s~^  and  31 s"^  and  the  average  (secant  )  rates  between  35s“^  and  57s"\  The 
times  to  failure  range  between  181  ys  and  275  ys.  The  initial  and  secant 
moduli  of  75.7  GP-a  (11,0  x  10^  psi)  and  72.5  GPa  (10.5  x  10^  Psi),  respec¬ 
tively,  are  a  little  higher  than  the  static  Initial  modulus  of  68.5  GPa 
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TABLE  3-3.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±22.5]2s  SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain  Rate 

i5.ee), >  siL 

Modulus  (Ees)* 
GPa  (10*  psi) 

Poisson's 
Ratio  (Vfix) 

Initial  Properties 

33-10 

8 

64.9  (9.4) 

1.25 

33-n 

13 

65.7  (10.1) 

1.30 

33-13 

30 

100.7  (14.6) 

1.07 

Secant 

Properties 

33-10 

40 

81.5  (11.8) 

1.18 

33-11 

47 

57.6  (9.8) 

1.16 

33-13 

48 

102.8  (14.9) 

1.33 

Terminal 

1  Properties 

33-10 

112 

56.6  (8.2) 

1.25 

33-11 

195 

40.0  (5.8) 

1.06 

33-13 

104 

106.3  (15.4) 

1.37 

Ultimate  Properties 

Time  to 

Strength 

Strain 

Failure 

Hpffksi) 

33-10 

221 

718  (104) 

0.0088 

33-11 

215 

674  (98) 

0.0100 

33-13 

187 

920  (133) 

0.0090 
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TABLE  3-4.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±22.5]2^  80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen  Strain  Rate  Modulus  (E^e),  Poisson’s 
Number  GPa  (10*  psi)  Ratio  (vex) 

Initial  Properties 


34-2 

9 

71.1 

(10.3) 

1.33 

34-10 

31 

82.8 

(12.0) 

1.00 

34-n 

11 

73.3 

(10.6) 

0.99 

Secant  Properties 


34-2 

50 

73.6  (10.7) 

0.83 

34-10 

57 

77.0  (11.2) 

1.16 

34-11 

35 

66.2  (9.6) 

1.08 

Terminal 

Properties 

34-2 

160 

62.1  (9.0) 

1.17 

34-10 

120 

78.7  (11.4) 

1.42 

34-n 

337 

69.7  (10.1) 

1.25 

Ultimate  Properties 


Time  to 
Failure 
( t^) »  ys 

Strength 

Strain 

(-Sot) 

34-2 

224 

818  (118) 

o.oni 

34-10 

181 

800  (116) 

0.0104 

34-11 

275 

641  (93) 

0.009/ 

3-6 


(9.9  X  10^  psi).  The  average  dynamic  strength  of  752  MPa  (T09  ksi)  Is 
higher  than  the  static  strength  of  653  MPa  (94.6  ksi).  The  dynamic  strain 
of  0.0104  Is  exactly  equal  to  the  static  value. 

3.3  [±30]25  laminates 

Intermediate  rate  tensile  properties  of  [±30]2g  SP288/AS  graphite/epoxy 
and  80AS/20S/PR288  graphIte/S-glass/epoxy  were  obtained  by  testing  three  rings 
of  each  material  under  dynamic  Internal  pressure.  The  pressure  was  produced 
by  detonating  650  mg  pistol  powder  In  the  pressure  chamber  of  the  fixture. 

Strain  records  for  the  three  graphite/epoxy  rings  tested  are  shown  in 
Figures  3-25,  3-26,  and  3-27  (Specimen  Nos.  28-2,  28-12,  and  28-13).  The  cor¬ 
responding  dynamic  stress-strain  curves  are  shown  in  Figures  3-28,  3-29,  and 
3-30,  Results  are  tabulated  In  Table  3-5.  The  initial  strain  rates  range 
between  lOs”^  and  17s"\  and  the  average  (secant)  rates  between  49s*’^  and  73s"\ 

The  times  to  failure  range  between  195  ps  and  237  ps.  The  initial  and  secant 

6  6 

moduli  of  48.4  GPa  (7.02  x  10  psi)  and  44.7  GPa  (6.48  x  10  psi),  respectively, 
are  noticeably  lower  than  the  static  initial  modulus  of  58.6  GPa  (8.50  x  10^ 
psi).  The  average  dynamic  strength  of  571  MPa  (83  x  10^  psi)  is  almost  equsi 
to  the  static  strength  of  566  MPa  (82  ksi).  The  dynamic  ultimate  strain  of 
0.0128  is  almost  equal  to  the  static  value  of  0.0132. 

Strain  records  for  the  three  hybrid  rings  are  shown  in  Figures  3-31, 

3-32,  and  3-33  (Specimen  Nos.  54-2,  54-3,  and  54-5).  The  corresponding 
dynamic  stress-strain  curves  are  shown  in  Figures  3-34,  3-35,  and  3-36. 

Results  are  tabulated  in  Table  3-6.  The  initial  strain  rates  range  between 
12s”^  and  22s~\  and  the  average  (secant)  rates  between  56s'^  and  85s"\  The 
times  to  failure  range  between  179  ps  and  224  ps.  The  Initial  and  secant  moduli 
of  43.5  GPa  (6.31  X  10®  psi)  and  41.9  GPa  (6.07  x  10®  psi),  respectively,  are 
a  little  lower  than  the  static  value  of  44.9  GPa  (6.51  x  10®  psi).  The  dynamic 
initial  and  secant  Poisson’s  ratios  of  1.11  and  1.23  are  lower  than  the  static 
value  of  1.26.  The  average  dynamic  strength  of  611  MPa  (89  ksi)  is  higher  than 
the  static  strength  of  503  MPa  (73  ksi).  The  dynamic  ultimate  strain  of  0.0144 
is  very  close  to  the  static  value  of  0.0139  as  in  the  case  mentioned  before. 
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TABLE  3-5.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
C+aOl^g  SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain  Rate 

Modulus  (Eee) » 

GPa  (10*  psi) 

Poisson’s 
Ratio  (VQx) 

Initial  Properties 

28-2 

17 

43.8  (6.35) 

1.09 

28-12 

10 

46.6  (6.75) 

1.10 

28-13 

10 

54.9  (7.95) 

0.83 

Secant  Properties 

28-2 

73 

41.1  (5.96) 

1.04 

28-12 

49 

42.9  (6.22) 

1.27 

28-13 

53 

50.1  (7.26) 

1.19 

Terminal  Properties 

28-2 

281 

44.2  (6.40) 

1.14 

28-12 

252 

27.6  (4.00) 

1.41 

28-13 

270 

42.1  (6.10) 

1.44 

Ultimate  Properties 

Time  to 
Failure 

LlfhUil 

Strength 

Mpf^Iksi) 

Strain 

^^eeT^ 

28-2 

195 

588  (85) 

0.0143 

28-12 

237 

504  (73) 

0.0117 

28-13 

236 

621  (90) 

0.0124 
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TABLE  3-6.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±30]25  80AS/20S/PR288  6RAPHITE/S-GLASS/EP0XY 


Specimen 

Number 

Stxaln  Rate 

(^ee).  s-V 

Modulus  (Eee), 
GPa  (10*  psi) 

Poisson's 
Ratio  (^ex) 

Initial 

Properties 

54-2 

17 

40.0  (5.80) 

1.11 

54-3, 

22 

44.9  (6.50) 

i.n 

54-5  ‘ 

12 

45.7  (6.63) 

1.12 

Secant  Properties 

54-2 

56 

38.9  (5.63) 

1.16 

54-3 

76 

38.9  (5.63) 

1.39 

54-5 

85 

47.9  (6.94) 

1.14 

Terminal 

Properties 

54-2 

251 

30.4  (4.40) 

1 .36 

54-3 

229 

34.6  (5.02) 

1.53 

54-5 

397 

60.0  (8.70) 

1 .40 

Ultimate  Properties 

Time  to 

Failure 

iifiLm 

Strength 

&Usi) 

Strain 

^^eeT^ 

54-2 

224 

490  (71) 

0.0126 

54-3 

179 

528  (77) 

C.0136 

54-5 

200 

814  (118) 

0.0170 

3.4  [±45]25  LAMINATES 

Intermediate  strain  rate  tensile  properties  of  [±45]25  SP288/AS  graphite/ 
epoxy  and  80A$/20S/PR288  graphIte/S-gl ass/epoxy  were  obtained  by  testing  rings 
under  dynamic  internal  pressure.  Four  rings  of  each  material  were  loaded 
dynamically  using  650  mg  pistol  powder  in  the  pressure  chamber  of  the  fixture. 

Strain  records  for  the  four  graphite/epoxy  rings  tested  are  shown  In 
Figures  3-37  through  3-40  (Specimen  Nos.  24-11,  52-2,  52-3,  and  52-4).  The 
corresponding  dynamic  stress-strain  curves  are  shown  In  Figures  3-41  through 
3-44.  Results  are  tabulated  in  Table  3-7.  The  Initial  strain  rates  range 
between  lOs”^  and  17s~^  and  the  average  (secant  )  rates  between  66s"^  and 
101s~\  The  times  to  failure  range  between  300  ps  and  348  ys.  The  Initial 
and  secant  moduli  of  19.1  GPa  (2.77  x  10®  psi)  and  17.6  GPa  (2.55  x  10®  psi), 
respectively,  are  both  lower  than  the  static  modulus  of  20.4  GPa  (2.95  x  10^ 
psi).  This  difference  may  be  due  In  part  to  the  fact  that  three  of  the  specimens 
were  taken  from  a  different  tube  (No.  52)  which  was  fabricated  much  later  than 
tube  No.  24  from  which  the  static  specimens  came.  The  moduli  for  Specimen 
No.  24-11  are  much  closer  to  the  static  modulus.  The  average  dynamic  Poisson's 
ratio  of  0.85  is  higher  than  the  static  value  of  0.69.  The  average  dynamic 
strength  of  494  MPa  (72  ksi)  Is  much  higher  than  the  low  bound  of  224  MPa 
(32.5  ksi)  established  by  static  testing.  On  the  other  hand,  the  dynamic 
ultimate  strain  of  0,0279  Is  lower  than  the  lower  bound  established  by  static 
testing.  Again,  the  value  of  0.0348  for  Specimen  No.  24-11  Is  more  In  line 
with  the  static  results. 

Strain  records  for  the  four  hybrid  rings  are  shown  In  Figure  3-45  through 
3-48  (Specimen  Nos.  25-9,  53-1,  53-4,  and  53-5).  The  corresponding  dynamic 
stress-strain  curves  are  shown  in  Figures  3-49  through  3-52.  Results  are  tab¬ 
ulated  In  Table  3-8.  The  Initial  strain  rates  range  between  7s”^  and  30s“^ 
and  the  average  (secant)  rates  between  81 s”^  and  163s"\  The  times  to  failure 
range  between  171  ys  and  344  us.  The  Initial  modulus  of  21.1  GPa  (3.06  x  10® 
psi)  Is  only  slightly  lower  than  the  static  modulus  of  21.5  GPa  (3.12  x  10^  psi). 
The  overall  average  Poisson's  ratio  of  0.71  is  a  little  lov/er  than  the  static 
value  of  0.74.  The  average  dynamic  strength  of  371  MPa  (54  ksi)  is  much  higher 
than  the  lower  bound  of  191  MPa  (27.7  ksi)  established  by  static  testing.  The 
dynamic  ultimate  strain  of  0.0270  Is  very  close  to  the  lower  bound  of  0.0265 
established  by  static  testing. 
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TABLE  3-7.  INTERMEDIATE  STRAIN  RATE  TENSILE 
[±45]23  SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain  Rate 

(£60).  S-* 

Modulus  (Eee) 
GPa  (10*  psi) 

Initial 

Properties 

24-n 

10 

20.0  (2.90) 

52-2 

.  15 

17.3  (2.50) 

52-3 

12 

20.3  (2.94) 

52-4 

17 

18.8  (2.73) 

Secant  Properties 

24-11 

101 

19.8  (2.87) 

52-2 

96 

15.7  (2.28) 

52-3 

66 

16.0  (2.32) 

52-4 

75 

18.8  (2.73) 

Terminal 

Properties 

24-n 

483 

10.6  (1.53) 

52-2 

421 

10.5  (1.52) 

52-3 

250 

9.2  (1.33) 

52-4 

280 

15.7  (2.27) 

Ultimate  Properties 

Time  to 

Failure 

(tfiLyi 

Strength 

24-11 

344 

690  (100) 

52-2 

325 

490  (71  ) 

52-3 

348 

366  (53) 

52-4 

300 

428  (62) 

PROPERTIES  OF 


Poisson's 

Ratio  (vex) 

0.83 

0.95 

0.89 

0.92 

0.94 

0.65 

0.77 

0.84 

0.95 

0.62 

0.95 

0.86 


Strain 


0.0348 

0.0312 

0.0228 

0.C227 


TABLE  3-8.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±45]25  80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Strain  Rate 

Modulus  (Ege), 
GPa  (10*  psi) 

Poisson's 

Number 

(eee),  s-‘_ 

Ratio  (vgx) 

Initial 

Properties 

25-9 

13 

15.4  (2.24) 

0.91 

53-1 

7 

24.7  (3.58) 

0.87 

53-4  ‘ 

17 

17.8  (2.58) 

0.76 

53-5 

30 

26.4  (3.83) 

0.56 

Secant  Properties 

25-9 

103 

13.6  (1.98) 

- 

53-1 

163 

14.8  (2.15) 

0.60 

53-4 

96 

12.2  (1.77) 

0.53 

53-5 

81 

14.2  (2.06) 

0.90 

Terminal 

Properties 

25-9 

333 

13.2  (1.92) 

> 

53-1 

427 

9.6  (1.39) 

0.53 

53-4 

395 

10.4  (1.50) 

0.54 

53-5 

395 

11.6  (1.68) 

0.95 

U1 timate 

Properties 

Time  to 

Strength 

Strain 

Failure 

ipinki) 

25-9 

344 

483  (70) 

0.0354 

53-1 

171 

414  (60) 

0.0279 

53-4 

260 

304  (44) 

0.0249 

53-5 

244 

283  (41) 

0.0199 

3.5  [±60]2g  LAMINATES 

Intermediate  strain  rate  tensile  properties  of  SP288/AS  graphite/ 

epoxy  and  80AS/20S/PR288  graphite/S-gTass/epoxy  were  obtained  by  testing  rings 
under  dynamic  internal  pressure.  Three  rings  of  each  material  were  loaded 
dynamically  using  650  mg  pistol  powder  in  the  pressure  chamber  of  the  fixture. 

Strain  records  for  the  three  graphite/epoxy  rings  tested  are  shown  in 
Figures  3-53,  3-54,  and  3-55  (Specimen  Nos.  22-9,  22-10,  and  22-11).  The 
corresponding  dynamic  stress-strain  curves  are  shown  in  Figures  3-56,  3-57, 
and  3-58.  Results  are  tabulated  in  Table  3-9.  The  initial  strain  rates  range 
between  16s  and  27s  ,  and  the  average  (secant)  rates  between  44s  ^  and  84s  \ 

The  times  to  failure  range  between  196  ys  and  281  ys.  The  initial  and  secant 
moduli  of  23.0  GPa  (3.34  x  10^  psi)  and  13.9  GPa  (2.01  x  10^  psi),  respectively, 
are  higher  than  the  initial  static  modulus  of  13.4  GPa  (1.95  x  10^  psi)  by 
71^  and  3'^,  respectively.  The  average  Poisson's  ratio  of  0.32  is  identical  to 
the  static  value.  The  average  dynamic  strength  of  182  MPa  (26.4  ksi)  is 
appreciably  higher  than  the  static  strength  of  105  MPa  (15.2  ksi),  by  approxi¬ 
mately  the  same  percentage  (73%)  as  the  initial  modulus.  The  average  dynamic 
ultimate  strain  of  0.0134  is  slightly  higher  than  the  static  value  of  0.0120. 

Strain  records  for  the  three  hybrid  rings  tested  are  shown  in  Figures  3-59, 
3-60,  and  3-61  (Specimen  Nos.  23-7,  23-10,  and  23-11),  The  corresponding 
dynamic  stress-strain  curves  are  shown  in  Figures  3-62,  3-63,  and  3-64.  Results 
are  tabulated  in  Table  3-10.  The  initial  stra'n  rates  range  between  20s"^ 
and  35s  \  and  the  average  (secant)  rates  between  51s”^  and  75s”\  The  times 
to  failure  range  between  155  ys  and  219  ys.  The  initial  modulus  of  24.7  GPa 
(3.58  X  10®  psi)  is  much  higher  than  the  static  modulus  of  15.2  GPa  (2.20  x 
10®  psi).  The  average  initial  and  secant  Poisson's  ratio  of  0.31  is  only 
slightly  higher  than  the  static  value  of  0.29.  The  average  dynamic  strength 
of  155.5  MPa  (22.5  ksi)  is  much  higher  than  the  static  strength  of  94.8  MPa 
(13.7  ksi).  The  increase  in  dynamic  strength  outpaces  the  increase  in  dynamic 
modulus.  The  average  dynamic  ultimate  strain  of  0.0112  is  higher  than  the 
static  value  of  0.0087. 
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TABLE  3-9.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 


SP288/AS 

GRAPHITE/EPOXY 

Specimen 

Number 

Strain 

(eee). 

Rate 

s’* 

Modulus  (Eee). 
GPa  (10  psi) 

Poisson's 
Ratio  (vexJ 

Initial 

Properties 

22-9 

27 

22.5  (3.26) 

0.15 

22-10 

23 

23.6  (3.42) 

0.28 

22-11 

16 

23.0  (3.33) 

0.33 

Secant  Properties 

22-9 

44 

15.0  (2.17) 

0.47 

22-10 

84 

12.5  (1.82) 

0.31 

22-11 

52 

14.1  (2.04) 

0.38 

Terminal 

Properties 

22-9 

138 

9.3  (1.35) 

0.43 

22-10 

205 

8.5  (1.23) 

0.34 

22-11 

156 

18.5  (2.68) 

0.35 

Ultimate  Properties 

Time  to 

Failure 

ijs 

Strength 

MPa  (ksi) 

Strain 

^^eeT^ 

22-9 

196 

129  (18.7) 

0.0086 

22-10 

200 

210  (30.5) 

0.01 68 

22-11 

281 

207  (30.0) 

0.0147 
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TABLE  3-10.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±6032s  80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 

Strain  Rate 
(^00).  s“^ 

Modulus  (Eee), 
GPa  (10®  psi) 

Poisson's 

Ratio,  (vex) 

Initial 

Properties 

23-7 

35 

17.6  (2.55) 

0.25 

23-10 

23 

25.4  (3.67) 

0.26 

23-11  ^ 

20 

31.1  (4.51) 

0.22 

Secant 

Properties 

23-7 

75 

15.7  (2.28) 

0.39 

23-10 

51 

12.7  (1.84) 

0.34 

23-11 

51 

13.2  (1.91) 

0.41 

Terminal 

Properties 

23-7 

163 

12.9  (1.88) 

0.41 

23-10 

153 

9.0  (1.30) 

0.34 

23-11 

180 

7.8  (1.13) 

0.30 

U1  timate 

Properties 

Time  to 

Strength 

Strain 

Failure 

US 

^^69T^ 

23-7 

155 

182.2  (26.4) 

0.0116 

23-10 

219 

142.1  (20.6) 

0,0112 

23-11 

210 

142.1  (20.6) 

0.0108 
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3.6  [±67.5325  LAMINATES 

Intermediate  strain  rate  tensile  properties  of  [±67.5]25  SP288/AS  graphite/ 
epoxy  and  80AS/20S/PR288  graphite/S-gl ass/epoxy  were  obtained  by  testing  rings 
under  dynamic  internal  pressure.  Three  rings  of  each  material  were  loaded 
dynamically  using  650  mg  pistol  powder  in  the  pressure  chamber  of  the  fixture. 

Strain  records  for  the  three  graphite/epoxy  rings  tested  are  shown  in 
Figures  3-65,  3-66,  and  3-67  (Specimen  Nos.  26-10,  26-11,  and  26-13).  The 
corresponding  dynamic  stress-strain  curves  are  shown  in  Figure  3-68,  3-69,  and 
3-70.  Results  are  tabulated  in  Table  3-11.  The  initial  strain  rates  range 
between  19s“^  and  35s“^  and  the  average  (secant)  rates  between  58s"^  and  89s’\ 
The  times  to  failure  vary  between  123  ys  and  158  ys.  The  initial  and  secant 
moduli  of  17.3  GPa  (2.51  x  10®  psi)  and  12.8  GPa  (1.86  x  10®  psi),  respectively, 
are  higher  than  the  initial  static  modulus  of  12.0  GPa  x  10®  psi).  The 

average  initial  and  secant  Poisson's  ratio  is  equal  to  the  static  value  of 
0.17.  The  average  dynamic  strength  of  132.2  MPa  (19.2  ksi)  is  higher  than  the 
static  strength  of  85.1  MPa  (12.3  ksi)  by  56%.  The  average  dynamic  ultimate 
strain  of  0.0103  is  higher  than  the  static  value  of  0.0081. 

Strain  records  for  the  three  hybrid  rings  tested  are  shown  in  Figures  3-71, 
3-72,  and  3-73  (Specimen  Nos.  27-10,  27-11,  and  27-13).  The  corresponding 
dynamic  stress-strain  curves  are  shown  in  Figures  3-74,  3-75,  and  3-76.  Results 
are  tabulated  in  Table  3-12.  The  initial  strain  rates  range  between  23s"^  and 
49s”^  and  the  average  (secant)  rates  between  56s~^  and  71s~\  The  times  to 
failure  vary  between  130  ys  and  151  ys.  The  initial  and  secant  moduli  of 
20.3  GPa  (2.94  x  10®  pai)  and  15.7  GPa  (2.28  x  10®  psi),  respectively,  are 
higher  than  the  initial  static  modulus  of  14.4  GPa  (2.08  x  10®  psi)  by  41% 
and  10%,  respectively.  The  average  initial  and  secant  Poisson’s  ratio  of  0.14 
is  slightly  lower  than  the  static  value  of  0.16.  The  average  dynamic  strength 
of  136.6  MPa  (19.8  ksi)  is  much  higher  than  the  static  strength  of  76.1  MPa 
(11.0  ksi)  by  a  higher  percentage  than  the  dynamic  modulus.  The  average  dynamic 
ultimate  strain  of  0.0087  is  higher  than  the  static  value  of  0.0062. 


TABLE  3-11.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±67.5]25  SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain  Rate 
(^0),  s‘^ 

Modulus  (Eee) , 
GPa  (10®  psO 

Poisson's 
Ratio  (V6x) 

Initial 

Properties 

26-10 

23 

15.0  (2.18) 

0.21 

26-11 

35 

13.3  (1.93) 

0.14 

26-13 

19 

23.6  (3.41) 

0.11 

Secant  Properties 

26-10 

73 

12.7  (1.85) 

0.17 

26-11 

89 

13.8  (2.00) 

0.20 

26-13 

58 

11.9  (1.73) 

0.16 

Terminal 

Properties 

26-10 

169 

8.0  (1.16) 

0.21 

26-11 

182 

14.0  (2.04) 

0.15 

26-13 

150 

3.3  (0.48) 

0.25 

Ultimate  Properties 

Time  to 

Failure 
( tr) »  ys 

Strength 

(S00tK 

MPa  (ksi) 

Strain 

26-10 

146 

136.3  (19.8) 

0.01 07 

26-11 

123' 

150.1  (21.8) 

0.0109 

26-13 

158 

109.7  (15.9) 

0.0092 

TABLE  3-12.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±67.5]25  80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 

Strain  Rate 
(^ee). 

Modulus  (200) , 
GPa  (10®  psi) 

Poisson's 
Ratio  (V0x) 

Initial 

Properties 

27-10 

24 

16.8  (2.43) 

0.09 

27-11 

49 

20.7  (3.00) 

0.13 

27-13  ' 

23 

23.5  (3.40) 

0.16 

Secant  Properties 

27-10 

56 

13.8  (1.99) 

0.10 

27-11 

71 

16.4  (2.38) 

0.17 

27-13 

56 

17.0  (2.47) 

0.14 

Terminal 

Properties 

27-10 

119 

7.2  (1.05) 

0.16 

27-11 

148 

25.2  (3.66) 

0.26 

27-13 

136 

9.3  (1.35) 

0.19 

Ultimate  Properties 

Time  to 

Failure 

(tfL_m 

Strength 

Strain 

(-eV) 

27-10 

151 

115.6  (16.8) 

0.0084 

27-11 

130 

151.1  (21.9) 

0.0092 

27-13 

150 

143.2  (20.8) 

0.0084 
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3.7  [±75]25  LAMINATES 

Intermediate  strain  rate  tensile  properties  of  C-75]25  SP288/AS  graphite/ 
epoxy  and  80AS/20S/PR288  graphite/S-glass/epoxy  were  obtained  by  testing  rings 
under  dynamic  internal  pressure.  Three  rings  of  each  material  were  loaded 
dynamically  using  650  mg  pistol  powder  in  the  pressure  chamber  of  the  fixture. 

Valid  data  were  obtained  only  for  one  of  the  three  graphite/epoxy  rings 
tested.  Specimen  Mo.  20-12.  Strain  records  and  the  corresponding  dynamic  stress- 
strain  curve  for  this  specimen  are  shown  in  Figures  3-77  and  3-78,  respectively. 
Results  are  tabulated  in  Table  3-13.  The  initial  and  secant  strain  rates  are 
19s“^  and  45s"\  respectively,  end  the  time  to  failure  is  201  ps.  Thr  initial 
modulus  of  19.7  GPa  (2.86  x  10^  psi)  is  much  higher  than  the  static  modulus 
of  11.2  GPa  (1.63  x  10^  psi).  The  average  Poisson's  ratio  of  0.06  1s  lower 
than  the  static  value  of  0.09.  The  dynamic  strength  of  98.3  MPa  (14.2  ksi)  is 
higher  than  the  static  strength  of  74.8  MPa  (10.8  ksi)  by  31%.  The  dynamic 
ultimate  strain  of  0.0090  is  also  higher  than  the  static  value  of  0.0076  by 
18%. 

Strain  records  for  the  three  hybrid  rings  tested  are  shown  in  Figures  3-79, 
3-80,  and  3-81  (Specimen  Nos.  21-10,  21-11,  and  21-12).  The  corresponding 
dynamic  stress-strain  curves  are  shown  in  Figures  3-82,  3-83,  and  3-84.  Re¬ 
sults  are  tabulated  in  Table  3-14.  The  initial  strain  rates  range  between 
28s  ^  and  37s  ^  and  the  average  (secant)  rates  between  62s  and  68s  .  The 
times  to  failure  range  between  107  ys  and  111  ps.  The  initial  modulus  of 
16.9  GPa  (2.45  x  10®  psi)  is  a  little  higher  than  the  static  modulus  of  15.5  GPa 
(2.25  x  10®  psi).  The  overall  average  Poisson's  ratio  of  0.08  is  slightly 
lower  than  the  static  value  of  0,10.  The  average  dynamic  strength  of  94.9  MPa 
(13.8  ksi)  is  higher  than  the  static  strength  of  61.4  MPa  (8.9  ksi)  by  55%. 

The  dynamic  ultimate  strain  of  0.0070  is  also  higher  than  the  static  value  of 
0.0047  by  49%. 
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TABLE  3-13.  INTERMEDIATE  STRAIN  RATE  TENSILE  PROPERTIES  OF 
[±75]  SP288/AS  GRAPHITE/EPOXY 

kS 


Specimen 

Number- 

Strain  Rate 

(^68).  S-^ 

Modulus  (t$e)* 

GPa  (10*  psi) 

Poisson's 
Ratio  (vqx) 

Initial 

Properties 

20-12 

19 

19.7  (2.86) 

Secant  Properties 

20-12 

45 

10.9  (1.58) 

0.04 

Terminal 

Properties 

20-12 

132 

6.0  (0.87) 

0.08 

Ultimate 

Properties 

Time  to 

Failure 

Strength 

(•^89T). 

MPa  Cksi) 

Strain 

^^e9T^ 

20-12 

201 

98.3  (14.2) 

0.0090 

21-10 

128 

11.5  (1.66) 

0.07 

21-11 

108 

7.7  (1.11) 

0.11 

21-12 

113 

U1 timate 

15.9  (2.30) 

Properties 

0.14 

Time  to 

Strength 

Strain 

Failure 

(S00T/* 

■llflt-K?. 

MPa  (ksi) 

21-10 

in 

101.8  (14.8) 

0.0076 

21-11 

107 

55.2  (8.0) 

0.0066 

21-12 

111 

127.7  (18.5) 

0.0069 

c  - 


Figure  3-1.  Strain  records  In  steel  ring  and  C±15]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  35-7 

(0.65  g  shotgun  powder). 
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figure  3-2,  Strain  records  In  steel  ring  and  [±15]2s  SP288/AS 
Q  graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  35-10 

(0.65  g  shotgun  powder). 
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Figure  3-3.  Strain  records  in  steel  ring  and  [±15]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  35-11 

(0.65  g  shotgun  powder). 
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Figure  3-4.  Stress-strain  curves  for  dynamicanv  loaded  [±15]25 
SP288/AS  graphite/epoxy  ring,  Specimen  No.  35-7. 
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Figure  3-9,  Strain  records  In  steel  ring  and  80AS/20S/PR288 
graphite/S-gl ass/epoxy  ring  under  dynamic  loading 
'^^for  Sj-Jcimen  No.  36-11  (0.65  g  shotgun  powder). 
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Figure  3-10.  Stress-strain  curves  for  dynamically  loaded  [±15] 
80AS/20S/PR288  graphite/S-glass/epoxy  ring.  Specimen  No.  36-6. 
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Figure  3-12.  Stress-strain  curves  for  dynamically  loaded  [±15], 
80AS/20S/PR288  graphIte/S-glass/epoxy  ring.  Specimen  No,  36-11.'^^ 
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Figure  3-13.  Strain  records  in  steel  ring  and  [±22.5]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  33-10 

(0.65  g  shotgun  powder). 
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Figure  3-14.  Strain  records  in  steel  ring  and  C±22.5]pc  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  33-11 

(0.65  g  shotgun  powder). 
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Figure  3-19.  Strain  records  in  steel  ring  and  80AS/20S/PR288  [±22. 
graphite/S-gl ass/epoxy  ring  under  dynamic  loading  for  Specimen  No. 

(0.65  g  shotgun  powder). 
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Figure  3-20.  Strain  records  in  steel  ring  and  80AS/20S/PR288  [±22.5] 
graphite/S-g1a:.s/epoxy  ring  under  dynamic  loading  for  Specimen  No.  34- 

(0.65  g  shotgun  powder). 
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Figure  3-22.  Stress-strain  curves  for  dynamically  loaded  [+22.5] 
80AS/20S/PR288  graphite/S-glass/epoxy  ring.  Specimen  No.  34-2. 
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Figure  3-23.  Stress-strain  curves  for  dynamically  loaded  [+22.5] 
80AS/20S/PR288  graphi te/S-glass/epoxy  ring.  Specimen  No.  34-10. 
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Figure  3-26.  Strain  records  In  steel  ring  and  [iSOloj  SP288/AS  graphite/ 
epoxy  ring  under  dyna.m1c  loading  for  Specimen  No.  28-12 
(0.65  g  shotgun  powder). 
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Figure  3-27.  Strain  records  In  steei  ring  and  [t30]2^  SP2RR/AS  graphite/ 
epoxy  ring  under  dynamic  loading  for  Specimen  No.  28-13(0.65  g  shotgun 
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Figure  3-28.  Stress-strain  curves  for  dynamically  loaded  [iSOoc] 
SP288/AS  graphite/epoxy  ring.  Specimen  No.  28-2. 
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Figure  3-29.  Stress-strain  curves  for  dynamically  loaded  [±30] 25 
SP288/AS  graphite/epoxy  ring.  Specimen  No.  28-12. 
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Figure  3-32.  Strain  records  in  steel  ring  and  80AS/Z0S/PR288  [±30] 
graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen  No. 
(0.65  g  shotgun  powder). 


Figure  3-33.  Strain  records  In  steel  ring  and  80AS/20S/PR288 
[±30]2j  graphite/S-gl ass/epoxy  ring  under  dynamic  loading  for 
‘^^Specimen  No,  54-5  (0.65  g  shotgun  powder). 
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Figure  3-38.  Strain  records  in  steel  ring  and  [±45]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  52-2 

(0.65  g  shotgun  powder). 


Figure  3-39.  Strain  records  in  steel  ring  and  [±45]25  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  52-3 

(0.65  g  shotgun  powder). 
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Figure  3-40,  Strain  records  In  steel  ring  and  [±45]25  SP2*^R/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  52-4 
(0.65  g  shotgun  powder). 
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Figure  3-41.  Stress-strain  curves  for  dynamically  loaded  [145] 
SP?fl(l/AS  graphite/epoxy  ring,  Specimen  No.  24-11. 
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Figure.  3-42,  Stress-strain  curves  for  dynamically  loaded  [±45] 
SP288/AS  graphite/epoxy  ring.  Specimen  No,  52-2, 
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Figure  3-44.  Stress-strain  curves  for  dynamically  loaded  [±45]p 
SP288/AS  qraphlte/epoxy  ring,  Specimen  No.  52-4. 
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Figure  3-46.  Strain  records  In  steel  ring  and 
80AS/20S/PR288  [±45]2i  graphite/S-glass/epoxy 
ring  under  dynamic  loading  for  Specimen  No.  53-1 
(0.65  q  shotgun  powder). 
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Figure  3-48.  Strain  records  in  steel  ring  and  80AS/20S/PR288 
[4^5]-  graphite/S-glass/epoxy  ring  under  dynamic  loading  for 
Specimen  No.  53-5  (0,65  g  shotgun  powder). 
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Figure  3-49,  Stress-strain  curves  for  dynamically  loaded  [±45]2. 
80AS/20S/PR288  graphite/S-glass/epoxy  ring.  Specimen  No.  25-9. 
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Figure  3-55.  Strain  records  in  steel  ring  and  C±60]2s  SP2Rn/AS 
qraphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  22-11 

(0.65  g  shotgun  powder). 
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Figure  3-56.  Stress-strain  curve  for  dynamically  loaded  [±60]25 
SP288/AS  graphite/epoxy  ring,  Specimen  No.  22-9. 
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Figure  3-59.  Strain  records  in  steel  ring  and  80AS/20S/PR288 
graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen 
No,  23-7  (0.65  g  shotgun  powder). 
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Figure  3-60.  Strain  records  in  steel  ring  and  80AS/20S/PR288  C±60]23 
graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen 
No.  23-10  (0.65  g  shotgun  powder). 
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Figure  3-61.  Strain  records  In  steel  ring  and  80AS/?0S/PR288  [iGOlog 
graphIte/S-glass/epoxy  ring  under  dynamic  loading  tor  Specimen 
No.  23-11  (0.65  g  shotgun  powder). 
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Figure  3-62.  Stress-strain  curve  for  dynamically  loaded  [±60] 
80AS/20S/PR288  graphite/S-glass/epoxy  ring.  Specimen  No.  23-7 
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Figure  3-63.  Stress-strain  curve  for  dynamically  loaded  [±60] 
80AS/20S/PR288  graphIte/S-glass/epoxy  ring.  Specimen  No.  23-10. 
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Figure  3-64.  Stress-strain  curve  for  dynamically  loaded  [i60] 
80AS/20S/PR288  graphIte/S-glass/epoxy  ring.  Specimen  No.  23-11, 
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Figure  3-67.  Strain  records  in  steel  ring  and  [±67.5]2q  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  Flo.  26-13 

(0.65  g  shotgun  powder). 
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Figure  3-69.  Stress-strain  curve  for  dynamically  loaded  [±67.5]2j 
SP288/AS  graphite/epoxy  ring.  Specimen  No.  26-11. 
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Figure  3-70.  Stress-strain  curve  for  dynamically  loaded  [+67.5] 
SP288/AS  graphite/epoxy  ring.  Specimen  No.  26-13. 
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Finure  3-71.  Strain  records  In  steel  ring  and  R0AS/20S/PR288 
[+67.5],  graph1te/S-glass/e».ox.y  ring  under  dynamic  loading 
for  Specimen  No.  27-10  (0.6S  g  shotgun  powder). 
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Figure  3-72.  Strain  records  In  steel  ring  and  R0AS/20S/PR288 
Ci67.5],  graphl te/S-gUss/eiWKv  ring  under  dynanlc  loading  for 
'Specimen  No.  27-11  (0.65  g  shotgun  powder). 


Figure  3-73.  Strain  records  in  steel  ring  and  80AS/20S/PR288 
[±«,7.5]2  graphite/S-glass/epoxy  ring  under  dynamic  loading  for 
Specimen  No.  27-13  (0.65  g  shotgun  powder). 
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s-strain  curve  for  dynamically  loaded  [t67.5] 
phIte/S-glass/epoxy  ring.  Specimen  No.  27-10, 
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Flqure  3-75.  Stress-strain  curve 

Ana':;/?os/PR288  oraDhIte/S-qIass/epoxy  ring.  Specimen  Ho.  27-11. 
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Figure  3-76,  Stress-strain  curve  for  dynamically  loaded  [467,5] 
80AS/20S/PR288  graphite/S-glass/epoxy  ring.  Specimen  No,  27-13, 
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Figure  3-79.  Strain  records  In  steel  ring  and 
80AS/20S/'PR?88  [i?5]25  graph1te/S-g1ass/epoxy 
ring  under  dynamic  loading  for  Specimen  No.  21-10 
(0.65  g  shotgun  powder). 
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Figure  3-81.  Stra-in 
80AS/20S/PR288  [±75] 
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Figure  3-84.  Stress-strain  curve  for  dynamically  loaded  [t7S] 
BOAS/rns/PRrsS  graph1te/S-qlass/epoxy  ring.  Specimen  No.  21-12 


4.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  ANGLE-PLY  LAMINATES 
4.1  [±15]25  laminates 

High  strain  rate  tensile  properties  of  SP288/AS  graphite/epoxy 

and  80AS/20S/PR288  graphite/S-glass/epoxy  were  obtained  by  testing  rings  under 
dynamic  internal,  pressure.  Three  rings  of  each  material  were  loaded  dynamically 
using  100  mg  PETN  detonators  in  the  pressure  chamber  of  the  fixture.  The 
circumferential  and  axial  strains  in  the  composite  ring  and  the  circumferential 
strain  in  the  calibration  steel  ring  were  recorded  in  every  case. 

Strain  and  strain  derivative  records  for  the  three  graphite/epoxy  rings 
tested  are  shown  in  Figures  4-1  through  4-9  (Specimen  Nos.  35-2,  35-4,  and 
35-6).  These  data  were  analyzed  ftillowing  procedures  described  in  Part  I  of 
this  report.  Dynamic  stress-strain  curves  obUined  by  the  digital  processing 
oscilloscope  are  shown  in  Figures  4-10,  4-11,  and  4-12.  Results  for  the  three 
rings  tested  are  tabulated  in  Table  4-1.  The  initial  strain  rates  range  be¬ 
tween  130s'^  and  250s‘^  and  the  average  (secant)  rates  between  175s'’^  and  254s”^ 
The  times  to  failure  range  between  35  ys  and  44  ys.  The  initial  and  secant 
moduli  of  113.2  GPa  (16.4  x  10^  psi)  and  117.8  GPa  (17.1  x  10^  psi),  res¬ 
pectively,  are  higher  than  the  static  modulus  of  104.5  GPA  (15.2  x  10®  psi) 
by  8%  and  12%,  respectively.  The  overall  average  Poisson's  ratio  of  0.80  is 
lower  than  the  static  value  of  0.86.  The  average  dynamic  strength  of  1029  MPa 
(149  ksi)  is  higher  than  the  static  strength  of  823  MPa  (119,3  ksi)  by  25%, 

The  Increase  in  dynamic  strength  is  higher  than  the  increase  in  dynamic  modulus. 
The  average  dynamic  ultimate  strain  of  0.0088  is  higher  than  the  static  value 
of  0.0078.  This  trend  in  properties  is  related  to  some  change  in  failure  modes 
from  those  under  quasi-static  to  those  under  dynamic  loading  conditions.  Quasi- 
static  failure  modes  include  pronounced  interlaminar  shear  failures..  Under 
dynamic  conditions,  with  the  higher  rate-dependent,  matrix-dominated  inter¬ 
laminar  shear  properties,  there  is  more  brittle-like  behavior  with  failures 
dominated  primarily  by  fiber  fractures. 
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strain  and  strain  derivative  records  for  the  three  hybrid  rings  are 
shown  in  Figures  4-13  through  4-21  (Specimen  Nos.  36-2,  36-4,  and  36-7). 

Dynamic  stress-strain  curves  are  shown  in  Figures  4-22,  4-23,  and  4-24.  Re¬ 
sults  for  the  three  rings  tested  are  tabulated  in  Table  4-2.  The  initial 
strain  rates  range  between  125s"^  and  150s"^  and  the  average  (secant)  rates 
between  173s"^  and  210s"\  The  times  to  failure  range  between  40  ws  and 
45  ys.  The  initial  and  secant  moduli  of  133.2  GPa  (19.3  x  10®  psi)  .and 

101.2  GPa  (14.7  x  10®  psi),  respectively,  are  higher  than  the  static  modulus 
of  94.5  GPa  (13.7  x  10®  psi)  by  41%  and  7%,  respectively.  The  average 
Poisson's  ratio  of  0.90  is  higher  than  the  static  value  of  0.68.  The  dynamic 
strength  of  837  MPa  (121  ksi)  is  only  slightly  higher  than  the  static  one  of 
806  MPa  (117  ksi).  Tttfs  trend  is  contrary  to  the  one  observed  in  the  graphite/ 
epoxy  specimens.  The  dynamic  ultimate  strain  of  0.0083  is  approximately  equal 
to  the  static  value  of  0.0084. 

4.2  [±22.5325  LAMINATES 

High  strain  rate  tensile  properties  of  [±22.5325  SP288/AS  graphite/epoxy 
and  80AS/20S/PR288  graphite/S-glass/epoxy  were  obtained  by  testing  rings 
under  dynamic  internal  pressure.  Three  rings  of  each  material  were  loaded 
dynamically  using  100  mg  PETN  detonators  in  the  pressure  chamber  of  the  fix¬ 
ture.  In  one  case,  the  pressure  on  the  steel  ring  was  also  measured  with  a 
Hanganin  alloy  gage. 

Strain  and  strain  derivative  records  for  the  three  graphite/epoxy  rings 
tested  are  shown  in  Figures  4-25  through  4-33  (Specimen  Nos.  33-4,  33-6,  and 
33-7).  Dynamic  stress-strain  curves  are  shown  in  Figures  4-34,  4-35,  and 
4-36.  Results  are  tabulated  in  Table  4-3.  The  initial  strain  rates  range 
between  130$"^  and  150s'^  and  the  average  (secant)  rates  between  184s'^  and 
211s'\  The  times  to  failure  range  between  38  ys  and  46  ys.  The  initial  and 
secant  moduli  of  131.7  GPa  (19.1  x  10®  psi)  and  93.4  GPa  (13.5  x  10®  psi), 
respectively,  are  higher  than  the  static  modulus  of  81.4  GPa  (11.8  x  10®  psi) 
by  62%  and  15%,  respectively.  The  average  dynamic  secant  Poisson's  ratio  of 
1.22  is  slightly  higher  than  the  static  one  of  1.18.  The  average  dynamic 
strength  of  790  MPa  (115  ksi)  is  only  slightly  higher  than  the  static  one  of 
773  MPa  (112  ksi).  However,  the  dynamic  ultimate  strain  of  0.0084  is  appre¬ 
ciably  lower  than  the  static  value  of  0.0103. 
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TABLE  4-3. 


Specimen 

Number 


HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±22.5], 
SP288/AS  GRAPHITE/EPOXY 


Strain  Rate  Modulus^(Eee) , 

..-4  /in*  r.r.\ 


Initial  Properties 


85.9  (12.4) 
Ultimate  Properties 


Poisson's 
Ratio  (ve. 


33-4 

135 

131.1  (19.0) 

1.66 

33-6 

150 

140.2  (20.3) 

1.50 

33-7 

130 

123.9  (18.0) 

1.54 

Secant  Properties 

33-4 

196 

89.5  (13.0) 

1.33 

33-6 

184 

95.9  (13.9) 

1 .19 

33-7 

211 

94.9  (13.7) 

1.13 

Terminal  Properties 

33-4 

280 

45.7  (6.6) 

1.26 

33-6 

190 

55.5  (8.1) 

1.70 

Time  to 

Strength 

Strain 

Fail ure 
(^f)i  ps 

(-691 ) 

33-4 

46 

806  (117) 

0.0090 

33-6 

38 

673  (98) 

0.0070 

33-7 

44 

890  (129) 

0.0093 

fh' 

I 

s 

w 


Strain  and  strain  derivative  records  for  the  three  hybrid  rings  are  shown 
in  Figures  4-37  through  4-45  (Specimen  Nos.  34-4,  34-6,  and  34-7).  Dynamic 
stress-strain  curves  are  shown  in  Figures  4-46,  4-47,  and  4-48.  Results  are 
tabulated  in  Table  4-4.  The  initial  strain  rates  range  between  130s”^  and 
140s"^  and  the  average  (secont)  rates  between  198s”^  and  246s~^.  The  times 
to  failure  range  between  45  jiS  and  46  ys.  The  initial  and  secant  moduli  of 
126.1  GPa  (18,3  x  10^  psi)  and  76.5  GPa  (11.1  x  10^  psi),  respectively,  are 
higher  than  the  static  modulus  of  68,5  GPa  (9,9  x  10^  psi)  by  84*  and  12*, 
respectively.  The  average  dynamic  Poisson’s  ratio  of  0.97  is  higher  than  the 
static  one  of  0.83,  The  average  dynamic  strength  of  731  MPa  (106  ksi)  is 
higher  than  the  static  strength  of  653  MPa  (95  ksi)  by  12*.  The  dynamic  ul¬ 
timate  strain  of  0,0095  is  somewhat  lower  than  the  static  value  of  0.0104. 

4.3  Ci30]25  LAMINATES 

High  strain  rate  tensile  properties  of  [±30)2^  SP288/AS  graphite/epoxy 
and  80AS/20S/PR288  graphite/S-glass/epoxy  were  obtained  by  testing  rings  under 
dynamic  internal  pressure.  Initially,  100  mg  PETN  detonal  s  were  used  in 
the  pressure  chamber  of  the  fixture.  The  pressure  pulse  produced  by  this 
loading,  as  seen  from  the  strain  response  of  the  steel  ring,  reaches  its  peak 
in  approximately  40  ys.  The  time  to  failure,  however,  is  somewhat  longer 
than  that,  which  makes  the  analysis  of  the  data  very  difficult.  It  was  decided 
to  modify  the  explosive  detonation  to  produce  a  lorger,  but  sufficiently 
intense,  pressure  pulse.  The  originally  used  black  powder,  or  bullseye 
powder,  was  sufficiently  slow-burning  to  produce  a  long  pulse,  but  the  in¬ 
tensity  of  this  pulse  was  too  low  and  resulted  in  relatively  low  strain  rates. 
To  boost  the  explosive  energy  of  the  normally  fuel-rich  bullseye  powder 
potassium  perchlorate  (KC£0^)  and  aluminum  powder  were  mixed  in.  All  subse¬ 
quent  tests  were  conducted  using  520  mg  of  each  component  above  in  the  pressure 
chamber.  The  resulting  pressure  pulse  was  longer  than  the  time  to  failure  of 
the  [±30]2j  specimens  and  only  slightly  shorter  than  that  for  the  [-^5]2j 
specimens. 

One  difficul ty  encountered  in  the  past  was  in  pinpointing  the  exact  time 
of  failure  of  the  composite  specimens.  If  initial  failure  does  not  happen  to 
occur  exactly  at  a  gage  location,  the  strain  readings  at  the  unfailcd  locations 
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TABLE  4- 


4.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [  22.5]. 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 


Strain  Rate  Modulus  (Egg), 
ygaa).  GPa  (10  psi) 


Initial  Properties 


Poisson's 
Ratio  (Vft) 


34-4 

130 

134.6  (19.5) 

1.15 

34-6 

140 

100.1  (14.5) 

0.93 

34-7 

130 

143.7  (20.8) 

0.85 

Secant  Properties 

34-4 

198 

73.6  (10.7) 

1.06 

34-6 

246 

79.2  (11.5) 

0.87 

34-7 

208 

76.6  (11 .1) 

0.99 

Terminal  Properties 


34-4 

300 

26.9 

(3.9) 

1.16 

34-6 

308 

50.0 

(7.2) 

0.84 

34-7 

280 

29.3 

(4.3) 

1.07 

Ultimate  Prcoerties 


Time  to 
Failure 


Strength 


656  (95) 
819  (119) 
716  (104) 


Strain 

0.0089 

0.0103 

0.0094 
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continue  to  increase  for  some  time  after  initial  failure.  To  overcome  this 
uncertainty  a  conductive  ribbon  was  bonded  around  the  entire  circumference  of 
the  ring  and  connected  to  one  of  the  tabs  of  one  strain  gage.  The  ribbon  is 
a  Micromeasurements  Ni-clad  copper  ribbon  of  0.025  mm  x  0.397  imn  (0.001  in.  x 
1/64  in.)  cross  section.  This  ribbon  is  first  bonded  on  a  strip  of  104  type 
glass  scrimcloth  with  Epon  815/V40  adhesive.  After  curing,  the  ribbon  with 
the  scrimcloth  strip  is  bonded  on  the  composite  ri^'g  with  Micromeaourements 
AEIO  adhesive  and  connected  in  series  with  one  of  the  leads  of  a  circumferen¬ 
tial  strain  gage.  When  the  specimen  fails  at  any  point  around  the  circum¬ 
ference  the  ribbon  breaks  and  strain  readings  from  the  gage  connec4ad  to  the 
ribbon  are  interrupted. 

Tests  on  the  [±30]2j  laminates  were  repeated  using  a  1560  mg  mixture  of 
equal  amounts  of  bullseye  pistol  powder,  potassium  perchlorate  (KCtO^),  and 
aluminum  dust.  Strain  and  strain  derivative  records  for  the  three  grap.iite/ 
epoxy  rings  tested  are  shown  in  Figures  4-49  through  4-55  (Specimen  Nos.  28-9, 
28-10,  and  28-11).  Stress-strain  curves  are  shown  in  Figures  4-56,  4-57,  and 
4-58.  Results  are  tabulated  in  Table  4-5.  The  initial  strain  rates  range 
between  200s'^  and  230s'’^  and  the  average  (secant)  rates  between  285s"^  and 
320s"\  The  times  to  failure  range  between  44  ys  and  45  ys.  The  initial  and 
secant  moduli  of  85.7  GPa  (12.4  x  10^  psi)  and  49.8  GPa  (7.2  x  10^  psi),  res¬ 
pectively,  are  higher  and  lower  than  the  static  modulus  of  58.6  GPa  (8.5  x 
10®  psi)  by  46%  and  15%,  respectively.  The  average  dynamic  Poissons's  ratio 
of  1.21  is  only  slightly  lower  than  the  static  one  of  1.25.  The  average 
dynamic  strength  of  660  MPa  (96  ksi)  is  higher  than  the  static  one  of  566  MPa 
(82  ksi)  by  17%.  The  dynamic  ultimate  strain  of  0.0133  is  almost  equal  to 
the  static  value  of  0.0132. 

Strain  and  strain  derivative  records  for  the  three  hybrid  rings  are  shown 
in  Figures  4-59  through  4-64  (Specimen  Nos.  29-10,  29-11,  and  29-12).  Stress- 
strain  curves  are  shown  in  Figures  4-65,  4-66,  and  4-67.  Results  are  tabulated 
in  Table  4-6.  The  initial  strain  rates  range  between  190s"^  and  230s”^  and 
the  average  (secant)  rates  between  300s'^  and  340s"\  The  times  to  failure 
range  between  40  ys  and  43  ys.  The  initial  and  secant  moduli  of  93.5  GPa 
(13,6  X  10®  psi)  and  51.5  GPa  (7,5  x  10®  psi),  respectively,  are  higher  than 
the  static  modulus  of  44.9  GPa  (6.51  x  10®  psi)  by  108%  and  15%,  respectively. 


4-8 


TABLE  4-5.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±30]-^ 
SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain  Rate 
(^ee),  s-.^ 

Hodulus  (Eee), 
GPa  (10‘  psi) 

Poisson' 
Ratio  (V 

Initial 

Properties 

28-9 

230 

84.0  (12.2) 

- 

28-10 

,230 

82.8  (12.0) 

1.09 

28-11 

200 

90.2  (13.1) 

1.35 

Secant  Properties 

28-9 

320 

46.8  (6.8) 

- 

28-10 

285 

49.1  (7.1) 

1.19 

28-11 

286 

53.5  (7.8) 

1.21 

Terminal 

Properties 

28-9 

465 

41.0  (5.9) 

- 

28-10 

400 

27.3  (4.0) 

1.25 

28-11 

420 

37.3  (5.4) 

1.07 

U1  timate 

Properties 

Time  to 

Failure 

Strength 

Strain 

{^SeT> 

28-9 

44 

664  (96) 

0.0142 

28-10 

45 

626  (91  ) 

0.0128 

28-11 

45 

690  (100) 

0.0129 

TABLE  4-6.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±30].^ 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 

Strain 

(^09)> 

Rate 

s-‘ 

Modulus  (Eee), 

GPa  (10*  psi) 

Poisson's 
Ratio  (''ex) 

29-10 

200 

Initial 

Properties 

100.6  (14.6) 

1 .08 

29-n 

190 

95.9  (13.9) 

1.18 

29-12 

230 

84.0  (12.2) 

1.09 

Secant  Properties 


29-10 

300 

59.8  (8.7) 

1 .13 

29-n 

340 

48.1  (7.0) 

1.00 

29-12 

333 

46.6  (6.8) 

1.05 

Terminal 

Properties 

29-10 

400 

48.8  (7.1) 

1.79 

29-11 

440 

41.1  (6.0) 

1.48 

29-12 

480 

39.2  (5.7) 

1 .25 

Ultimate  Properties 

Time  to 

Failure 
(tf),  y_l 

Strength 

Strain 

(-got) 

29-10 

40 

699  (101) 

0.0116 

29-11 

43 

707  (102) 

0.0147 

29-12 

43 

666  (97) 

0.0143 
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The  average  dynamic  Poisson's  ratio  of  1.09  is  -lower  than  the  static  one  of 
1.26.  The  average  dynamic  strengtt.  of  690  MPa  (100  ksi)  is  much  higher  than 
the  static  one  of  503  MPa  (73  ksi)  by  37S.  The  dynamic  ultimate  strain  of 
0.0135  is  only  slightly  lower  than  the  static  value  of  0.0139, 

Comparison  of  the  results  for  the  graphite/epoxy  and  hybrid  [±3032^ 
specimens  (Tables  4-5  and  4-6)  shows  that  the  hybrid  specimens  have  higher 
dynamic  moduli  and  strength  than  the  graphite/epoxy  ones.  This  is  contrary 
to  the  trend  in  static  values.  This  phenomenon,  for  which  no  ready  explana¬ 
tion  is  available,  was  not  noticed  in  the  [±22.5]2^  specimens. 

4.4  [±45323  laminates 

High  strain  rate  tensile  properties  of  [±45323  SP288/AS  graphite/epoxy 
and  80AS/20S/PR288  graphite/S-gl ass/epoxy  were  obtained  by  testing  rings  under 
dynamic  internal  pressure  using  a  1.56  g  mixture  of  pistol  powder,  KCtO^,  and 
aluminum  dust  in  the  pressure  chamber  of  the  fixture. 

Strain  and  strain  derivative  records  for  the  three  graphite/epoxy  rings 
tested  are  shown  in  Figures  4-68  through  4-76  (Specimen  Nos.  24-11,  24-12,  and 
24-13).  The  corresponding  stress-strain  curves  are  shown  in  Figures  4-77, 

4-78,  and  4-79.  These  curves  were  extrapolated  up  to  the  maximum  strain 
measured  in  the  composite  ring  (ultimate  strain).  Results  are  tabulated  in 
Table  4-7,  The  initial  strain  rates  range  between  140s’^  and  200s"^  and  the 
average  (secant)  rates  between  220s‘^  and  440s"^.  The  times  to  failure  range 
between  68  ps  and  91  us.  The  Initial  and  secant  moduli  of  111.4  GPa  (16.15  x 
10®  psi)  and  40.3  GPa  (5.83  x  10®  psi),  respectively,  are  much  higher  than  the 
static  modulus  of  20,4  GPa  (2.95  x  10®  psi).  The  secant  modulus  above  was 
based  on  the  extrapolated  stress-strain  curve.  The  average  initial  Poisson's 
ratio  of  0.78  is  also  higher  than  the  static  value  of  0.69.  The  average  dy¬ 
namic  strength  obtained  approximately  by  extrapolation  of  the  stress-strain 
curve  is  927  MPa  (134  ksi)  which  is  much  higher  than  the  static  strength  of 
224  MPa  (32.5  ksi).  The  average  dynamic  ultimate  str^. i''  o:  0.0245  is  lower 
than  the  static  value  of  0.0305. 

Strain  and  strain  derivative  records  for  the  three  hybrio  rings  tested 
are  shown  in  Figures  4-80  through  4-88  (Specimen  Nos.  2;;-ll,  25-12,  and  25-13). 
The  corresponding  s cress-strain  curves  are  shown  in  Figures  4-89,  4-90,  and 
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TABLE  4-7.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±45]„ 
SP288/A5  GRAPHITE/EPOXY 


Specimen 

Number 

Strain 

(^ee) . 

Rate 

s-' 

ftodulus  (Fee), 

GPa  (10®  psO 

Poisson's 
Ratio  (Pfix) 

Initial 

Properties 

24-11 

200 

98.3  (14.25) 

0.95 

24-12 

140 

111.8  (16.20) 

0.68 

24-13 

165 

124.2  (18.00) 

0.72 

Secant  Properties 

24-11 

440 

23.8  (3.45) 

0.90 

24-12 

330 

44.5  (6.45) 

0.89 

24-13 

220 

52.4  (7.60) 

0.69 

Terminal 

Properties 

24-11 

550 

8.6  (1.25) 

0.91 

24-12 

435 

26.9  (3.90) 

0.99 

24-13 

260 

25.9  (3.75) 

0.75 

Ultimate  Properties 

Time  to 

Fail ure 

(tr),  PS 

Strength 

Strain 

24-11 

>70 

738  (107) 

0.0310 

24-12 

68 

1000  (145) 

0.0225 

24-13 

91 

1042  (151  ) 

O.02C0 
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4-91.  Results  ore  tabulated  1n  Table  4-8,  The  Initial  strain  rates  range 
between  250s”^  and  300s“^  and  the  average  (secant)  rates  between  550s‘^  and 
560s”\  The  times  to  failure  range  between  52  ys  and  70  ys. 

The  Initial  dynamic  modulus  of  50.8  GPa  (7.37  x  10^  psi)  Is  much  higher 
than  the  static  modulus  of  21.5  GPa  (3.12  x  10®  psi).  The  overage  Poisson's 
ratio  (Initial  and  secant)  of  0.76  Is  slightly  higher  than  the  static  value 
of  0.74.  The  average  dynamic  strength  of  711  MPa  (103  ksl)  Is  much  higher 
than  the  static  strength  of  191  MPa  (28  ksl).  The  average  dynamic  ultimate 
strain,  based  on  the  larger  recorded  values  in  each  specimen,  of  0.0353  Is 
also  higher  than  the  highest  static  value  recorded  (0.0265).  It  should  be 
noted  that  the  static  value  for  strength  and  ultimate  strain  a**e  lower  bounds 
since  the  specimens  could  not  be  tested  to  ultimate  failure. 

4.5  E±60]25  laminates 

High  strain  rate  tensile  properties  of  Ct60]25  SP288/AS  graphite/epoxy 
and  80AS/20S/PR288  graphIte/S-glass/epoxy  were  obtained  In  a  similar  manner 
as  before. 

Strain  and  strain  derivative  records  for  the  three  graphite/epoxy  rings 
tested  are  shown  In  Figures  4-92  through  4-100  (Specimen  Nos.  22-6,  22-7,  and 
22-8).  The  corresponding  stress-strain  curves  are  shown  In  Figures  4-101, 
4-102,  and  4-103.  Results  are  tabulated  In  Table  4-9.  The  Initial  strain 
rates  range  between  220s”^  and  280s"^  and  the  average  (secant)  rates  between 
307s"^  and  398s"\  The  times  to  failure  range  between  41  ys  and  44  ys.  The 
Initial  and  secant  moduli  of  45.5  GPa  (6.59  x  10®  psi)  and  34.6  GPa  (5.02  x 
10®  psi),  respectively,  are  much  higher  than  the  static  modulus  of  13.4  GPa 
(1.95  X  10®  psi).  The  average  secant  Poisson's  ratio  of  0.34  Is  only  slightly 
higher  than  the  static  value  of  0.32.  The  average  dynamic  strength  of  511  MPa 
(74  ksl)  Is  much  higher  than  the  static  strength  of  105  MPa  (15.2  ksl).  The 
average  dynamic  ultimate  strain  of  0.0145  Is  higher  than  the  static  value  of 
0.0120. 

Strain  and  strain  derivative  records  for  the  three  hybrid  rings  are  shown 
In  Figures  4-104  through  4-112  (Specimen  Nos.  23-2,  23-4,  and  23-6).  The 
corresponding  stress-strain  curves  are  shown  in  Figures  4-113,  4-114,  and 
4-115.  Results  are  tabulated  in  Table  4-10.  The  initial  strain  rates  range 
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TABLE  4-9. 

Specimen 

Number 

22-6 

22-7 

22-8 

22-6 

22-7 

22-8 

22-6 

22-8 


22-6 

22-7 

22-8 


HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±60]. 
SP288/AS  GRAPHITE/EPOXY 


Initial  Properties 


280 

46.1 

(6.68) 

0.50 

220 

43.1 

(6.25) 

0.45 

250 

47.3 

(6.85) 

0.50 

398 

37.8  (5,47) 

0.32 

307 

27.3  (3.96) 

0.33 

320 

38.8  (5.62) 

0.36 

Terminal  Properties 

640 

28.6  (4.15) 

0.34 

520 

17.3  (2.58) 

0.35 

480  31.2  (4.52)  0.34 


U1 timate  Properties 


Time  to 
Failure 
ilfiUiS 

41 

44 

43 


Strength 

Strain 

(^SoT> 

621  (90) 

0.0163 

367  (53) 

0.01 35 

543  (79) 

0.01 38 
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TABLE  4-10.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±60], 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 


Strain  Rate  Modulus  (Ege), 

f-i  r>o.  Mri* 


s  •  GPa  no  psi, 
Initial  Properties 


Poisson's 
Ratio  (vg) 


23-2 

140 

45.2 

(6.55) 

0.32 

23-4 

270 

56.4 

(8.17) 

0.39 

23-6 

250 

42.4 

(6.15) 

0.30 

Secant  Properties 


23-2 

200 

52.9  (7.67) 

0.31 

23-4 

288 

47.4  (6.87) 

0.32 

23-6 

352 

41.7  (6.05) 

0.24 

Terminal  Properties 


23-2 

330 

55.5 

(8.05) 

0.27 

23-4 

390 

34.0 

(4.93) 

0.28 

23-6 

600 

38.0 

(5.50) 

0.16 

Ultimate  Properties 


1 

1 

1 

1 

23-2 

Time  to 
Failure 
(^f )  1— H?. 

51 

Strength 

MPa  tksl) 

535  (78) 

Strain 

^^eOT^ 

0.0102 

23-4 

40 

545  (79) 

0.0115 

it 

23-6 

42 

618  (89) 

0.0148 
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between  140s"^  and  270s”^  and  the  average  (secant)  rates  between  200s“^  and 
352s'\  The  times  to  failure  range  between  40  vis  and  51  ys.  The  initial  and 
secant  moduli  of  48.0  GPa  (6.96  x  10®  psi)  and  47.4  GPa  (6.86  x  10®  psi), 
respectively,  are  much  higher  than  the  static  modulus  of  15.2  GPa  (2.20  x 
10®  psi).  The  average  secant  Poisson's  ratio  of  0.29  is  exactly  equal  to  the 
static  value.  The  average  dynamic  strength  of  566  MPa  (82  ksi)  is  much  higher 
than  the  static  strength  of  94.8  MPa  (13.7  ksi).  The  average  dynamic  ultimate 
strain  of  0,0122  is  appreciably  higher  than  the  static  value  of  0.0087. 

Comparison  of  the  results  above  with  those  for  the  similarly  oriented 
graphite/epoxy  specimens  shows  that  the  hybrid  specimens  have  higher  dynamic 
moduli  and  strength  than  the  graphite/epoxy  specimens.  This  is  contrary  to  the 
trend  in  static  strength  values. 

4.6  [t67.5]25  LAMINATES 

High  strain  rate  tensile  properties  of  [±67.5]25  SP288/AS  graphite/epoxy 
and  80AS/20S/PR288  graphite/S-glass/epoxy  were  obtained  as  for  the  other  laminates 
before. 

Strain  and  strain  derivative  records  for  the  three  graphite/epoxy  rings 
tested  are  shown  in  Figures  4-116  through  4-124  (Specimen  Nos.  26-2,  26-4,  and 
26-6).  The  corresponding  stress-strain  curves  are  shown  in  Figures  4-125, 

4-126,  and  4-127.  Results  are  tabulated  in  Table  4-11.  The  initial  strain 
rates  range  between  200s“^  and  290s"^  and  the  average  (secant)  rates  between 
230s"^  ar.d  310s”\  The  times  to  failure  range  between  30  ps  and  44  ps.  The 
initial  and  secant  moduli  of  48,8  GPa  (7.07  x  10®  psi)  and  36.2  GPa  (5.24  x 
10®  psi),  respectively,  are  much  higher  than  the  static  modulus  of  12.0  GPa 
(1.74  X  10®  psi).  The  average  Poisson's  ratio  of  0.19  is  only  slightly  higher 
than  the  static  value  of  0.17.  The  average  dynamic  strength  of  339  MPa  (49  ksi) 
is  much  higher  than  the  static  strength  of  85.1  MPa  (12.3  ksi).  The  average 
dynamic  ultimate  strain  of  0.0096  is  somewhat  higher  than  the  static  value  of 
0.0081. 

Strain  and  strain  derivative  records  for  the  three  hybrid  rings  tested 
are  shown  in  Figures  4-128  through  4-136  (Specimen  Nos.  27-2,  27-4,  and  27-6). 

The  corresponding  stress-strain  curves  are  shown  in  Figures  4-137,  3-138,  and 
4-139.  Results  are  tabulated  in  Table  4-12.  The  initial  strain  rates  range 
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TABLE  4- 

Specimen 

Number 


26-2 

26-4 

26-6 

26-2 

26-4 

26-6 

26-2 

26-4 

26-6 


26-2 

26-4 

26-6 


HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±67.5] 
SP288/AS  GRAPHITE/EPOXY 


Stra  i  n 

Ibsh. 

Rate 

s-‘ 

Modulus, (Fee), 
GPa  (10*  psi) 

Poisson's 
Ratio  (V6x) 

Initial 

Properties 

290 

52.2  (7.56) 

0.18 

240 

50.9  (7.37) 

0.20 

200 

43.3  (6.28) 

0.13 

Secant  Properties 

310 

36.4  (5.27) 

0.19 

270 

43.6  (6.32) 

0.18 

230 

28.5  (4.12) 

0.19 

Terminal 

Properties 

350 

22.4  (3.25) 

0.13 

320 

22.9  (3.31) 

0.11 

370 

23.4  (3,39) 

0.37 

Ultimate  Properties 

Time  to 
Failure 
(tf),  .H.S 

Strength 

M^^Iksi) 

Strain 

^^eeT^ 

30 

334  (48) 

0.0095 

34 

395  (57) 

0.0092 

44 

289  (42) 

0.0102 

2s 
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TABLE  4-12.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±67.5], 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 

Strain 

Rate 

s"* 

Modulus  (E09), 

GPa  (10*  psi) 

Poisson's 
Ratio  (Vex) 

Initial 

Properties 

27-2 

280 

45.3  (6.56) 

0.26 

27-4 

204 

44.7  (6.48) 

0.19 

27-6 

300 

80.2  (11.62) 

0.23 

Secant  Properties 

27-2 

224 

54.3  (7.86) 

0.21 

27-4 

204 

36.5  (5.29) 

0.24 

27-6 

280 

37.3  (5.40) 

0.16 

Terminal 

Properties 

27-2 

180 

75.9  (11.00) 

0.21 

27-4 

205 

26.9  (3.90) 

0.21 

27-6 

375 

22.4  (3.25) 

0.08 

Ultimate  Properties 

Time  to 

Fall ure 
ilfijLjii 

Strength 

Strain 

27-2 

39 

474  (69) 

•  0.0087 

27-4 

38 

280  (41) 

0.0078 

27-6 

30 

311  (45) 

0.0085 
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between  204s“^  and  300s’^  and  the  average  (secant)  rates  between  204s"^  and 
280s'\  The  times  to  failure  range  between  30  ps  and  39  ys.  The  Initial 
modulus  for  Specimen  Ko.  27-6  Is  excessively  high  as  seen  also  In  the  stress- 
strain  curve  of  Figure  4-139.  In  comparing  dynamic  and  static  values  for  the 
moduli,  the  value  for  Specimen  No.  27-6  was  not  considered.  The  Initial  and 
secant  dynamic  moduli  of  45.0  6Pa  (6.52  x  10^  psi)  and  42.7  GPa  (6.18  x  10®  psi), 
respectively,  are  much  higher  than  the  static  modulus  of  14.4  GPa  (2.08  x 
10®  psi).  The  average  Poisson's  ratio  of  0,20  Is  also  higher  than  the  static 
value  of  0.16.  The  average  dynamic  strength  of  356  MPa  (52  ksl)  Is  much 
higher  than  the  static  strength  of  76.1  MPa  (11.0  ksi).  The  average  dynamic 
ultimate  strain  of  0.0083  Is  higher  than  the  static  value  of  0.0062. 

Comparison  of  these  results  with  those  of  the  graphite/epoxy  specimens 
show  thdt  the  hybrid  specimens  have  higher  dynamic  moduli  and  strength  than 
the  graphite/epoxy  specimens.  This  Is  contrary  to  the  trend  In  static  strei.gth 
values . 

4.7  [±75]22  LAMINATES 

High  strain  rate  properties  of  [±75325  SP288/AS  graphite/epoxy  and 
80A5/20S/PR238  graphite/S-gl ass/epoxy  were  obtained  as  for  the  other  laminates 
before. 

Strain  and  strain  derivative  records  for  the  three  graphite/epoxy  rings 
tested  are  shown  In  Figures  4-140  through  4-148  (Specimen  Nos.  20-2,  20-4,  and 
20-7).  The  corresponding  stress-strain  curves  are  shown  In  Figures  4-149, 

4-150,  and  4-151.  Results  are  tabulated  In  Table  4-13.  The  Initial  strain 
rates  range  between  220s”^  and  245$’^  and  the  average  (secant)  rates  between 
253s'^  and  286s*\  The  times  to  failure  range  between  29  ys  and  30  ys .  The 
initial  and  secant  dynamic  moduli  of  45.2  GPa  (6.55  x  10®  psi)  and  36.1  GPa 
(5.24  X  10®  psi),  respectively,  are  much  higher  than  the  static  modulus  of 
11.2  GPa  (1.63  X  10®  psi).  It  was  difficult  to  obtain  reliable  values  for 
dynamic  Poisson's  ratio  because  of  the  large  scatter  In  the  transverse  strain 
data.  The  average  dynamic  strength  of  290  MPa  (42  ksi)  Is  much  higher  than 
the  static  strength  of  75  MPa  (10.8  ksi).  The  average  dynamic  ultimate  strain 
of  0.0081  Is  slightly  higher  than  the  static  value  of  0.0076. 


4-20 


/ 


TABLE  4-13.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±75],.. 
SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain 

(he), 

Rate 

Modulus  (Eee) , 
GPa  (10‘  psi) 

Poloson's 

P>t1p_.(vM 

Initial 

Properties 

20-2 

220 

43.3  (6.28) 

- 

20-4 

245 

54.7  (7.93) 

- 

20-7 

225 

37.6  (5.45) 

- 

Secant  Properties 

20-2 

277 

36.6  (5.30) 

0.18 

20-4 

253 

38.1  (5.53) 

- 

20-7 

286 

33.6  (4.87) 

0.12 

Terminal 

Properties 

20-2 

320 

30.5  (4.42) 

- 

20-4 

295 

26.6  (3.85) 

- 

20-7 

330 

32.1  (4.65) 

- 

Ultimate  Properties 

Time  to 
Failure 

Strength 

Strain 

(=S9T> 

20-2 

30 

304  (44) 

0.0083 

20-4 

30 

290  (42) 

0.0076 

20-7 

29 

278  (40) 

0.0083 

strain  and  strain  dsrivative  records  for  the  three  hybrid  rings  tested 
are  shown  In  Figures  4-1C2  through  4-160  (Specimen  Nos.  21-2,  21-4,  and  21-6). 
The  corresponding  stress-strain  curves  are  shown  In  Figures  4-161,  4-162,  and 
4-163,  Results  are  tabulated  In  Table  4-14.  The  Initial  strain  rates  range 
between  140s'^  and  260s”^  and  the  average  (secant)  rates  between  21 5s’^  and 
290s”^ .  The  times  to  failure  range  between  24  ys  and  27  ys.  The  Initial 
and  secant  moduli  of  45.1  GPa  (6.53  x  10^  psi)  and  35,1  GPa  (5.09  x  10^  psi), 
respectively,  are  much  higher  than  the  static  modulus  of  15.5  GPa  (2.25  x 
10^  psi).  It  was  difficult  to  obtain  reliable  values  for  dynamic  Poisson's 
ratio,  because  of  the  large  scatter  In  the  transverse  strain  data.  The  average 
dynamic  strength  of  223  MPa  (32  ksl)  Is  much  higher  than  the  static  strength 
of  61.4  GPa  (8.9  x  10®  psi).  The  average  dynamic  ultimate  strain  of  0.0066 
Is  also  higher  than  the  static  value  of  0.0047. 
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TABLE  4-14.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±75],^ 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Number 

Strain 

(eftfl). 

Rate 

s-' 

Hodulus  (Fee), 
GPa  (10‘  psi) 

Poisson's 
Ratio  (Vex) 

Initial 

Properties 

21-2 

250 

46.6  (6.75) 

- 

21-4  , 

140 

56.2  (8.14) 

0.03 

21-6 

260 

32.4  (4.70) 

- 

Secant  Properties 

21-2 

263 

31.8  (4.61) 

- 

21-4 

215 

46.5  (6.74) 

0.017 

21-6 

290 

27.0  (3.91) 

0.02 

Terminal 

Properties 

21-2 

280 

16.8  (2.43) 

- 

21-4 

230 

42.0  (6.08) 

- 

21-6 

375 

18.4  (2.66) 

- 

ijitimate  Properties 

Time  to 

Fall ure 
ilfliJil 

Strength 

Strain 

(-eoT) 

21-2 

27 

214  (31) 

0.0071 

21-4 

27 

270  (39) 

0.0058 

21-6 

24 

186  (27) 

0.0069 
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Figure  4-3.  Clrcunferential  strain  and  its  derivatives  in 
L±15]j,  SP288/AS  graphite/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  35-2. 
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Figure  4-4.  Strain  records  in  steel  ring  and  SP288/AS 

graphite/epoxy  ring  under  dynamic  loading  for  Specimen 
No.  35-4  (100  mg  PETN  detonator). 
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Figure  4-5.  Strain  and  its  derivatives  in  steel  ring  for 
Specimen  No.  35-4. 
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Figure  4-7.  Strain  records' in  steel  ring  and  CilB]^- 
grc.phite/epoxy  ring  under  dynamic  loading  for  Speci 
No.  35-6  (100  mg  PETN  detonator). 
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Figure  4-10.  Stress-strain  curve  for  dynamically  loaded  [ilSlp. 
SP288/AS  graphite/epoxy  ring.  Specimen  No.  35-2. 
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Figure  4-13.  Strain  rec<>rds  in  steel  ring  and  80AS/20S/PR288 
[±15]25  graphite/S-glass/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  36-2  (100  mg  PETN  detonator). 
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Figure  4-15.  Circumferential  strain  and  its  derivatives  in 
80AS/20S/PR288  [±15]2s  graphite/S-glass/epoxy  ring  under 
dynamic  loading  for  Specimen  No.  36-2. 
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Figure  4-16.  Strain  records  in  steel’’ ring  and  80AS/20S/PR288 
[+15]2s  graphite/S-glass/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  36-4  (100  mg  PETN  detonator). 
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Figure  4-17.  Strain  and  Its  derivatives  In  steel  ring  for 

Specimen  No.  36-4. 
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Figure  4-20.  Strain  and  Its  derivatives  In  steel  ring  for 
Specimen  No.  36-7. 
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Figure  4-22,  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±T5]25  graphite/S-glass/epoxy  ring. 
Specimen  No.  36-2. 


STRESS,  (ksi). 


i 


U(H 


12<H 


i-800 


looH 


heoo 


B(H 


6(H 


4(H 


2(H 


original  w 

OF  POOR  - 


<a 

o. 

£ 


1-400' 


h  200 


STRAIN,  e,  (lo'^e) 


Figure  4-23.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±15]25  graphi te/S-gl ass/epoxy  ring. 
Specimen  No.  36-4. 
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Figure  4-24.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±15]25  graphite/S-glass/epoxy  ring. 
Specimen  No.  36-7. 
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Figure  4-28.  Strain  records  in  steel  ring  and  SP288/AS  [±22.532$ 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  33-6 
C  (100  mg  PETN  detonator). 
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F^oure  A-33.  Circumferential 'strain  and  Its  derivatives  In  SP288/AS  [±22.5] 
^  graphite/epoxy  ring  under  dynamic  loading,  Specimen  No.  33-7. 


Figure  4-34.  Stress-strain  curve  for  dynamlcaHy  loaded  SP288/AS  [tZZ.Sjp 
graphite/epoxy  ring,  Specimen  No.  33-4  (100  mg  PETN  detonator).  ^ 
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Figure  4-35.  Stress-strain  curve  for  dynamically  loaded  SP280/AS  [±22.5]2 
graphite/epoxy  ring,  Specimen  No.  33-6  (100  mg  PETN  detonator). 
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Figure  4-36.  Stress-strain  curve  for  dynamically  loaded  SP288/AS  [±22.5] 
graphite/epoxy  ring,  Specimen  No.  33-7  (100  mg  PETN  detonator). 
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Figure  4-37.  Strain  records  In  steel  ring  and  In  80AS/20S/PR238 
C±22.5]25  graphIte/S-glass/epoxy  ring  under  dynamic  loading  for 
Specimen  No,  34-4  (100  mg  PETN  detonator). 
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Figure  4-39.  Circumferential  strain  and  Its  derivatives  In 
80AS/20S/PR288  [±22. 5325  graphIte/S-glass/epoxy  ring  under 
dynamic  loading.  Specimen  No.  34-4. 
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Figure  4-40.  Strain  records  in  steel  ring  and  in  80AS/20S/PR288 
[±22.5]25  graphite/S-glass/epoxy  ring  under  dynamic  loading. 
Specimen  No.  34-6  (100  mg  PETN  detonator). 
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Figure  4-42.  Circumferential  strain  and  its  derivatives  in 
80AS/20S/PR288  C±22.5]2s  graphite/S-glass/epoxy  ring  under 
dynamic  loading.  Specimen  No.  34-6. 
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Figure  4-45.  Circumferential  strain  and  Its  derivatives  In 
80AS/20S/PR288  [±22.532s  graphIte/S-glass/epoxy  ring  under 
dynamic  loading,  Specimen  No.  34-7. 
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Figure  4-46.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR28S  [i22.5]js  graphite/S-glass/epoxy  ring, 
Specimen  No.  34-4  (100  mg  PETN  detonator). 
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Figure  4-47.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±22.5]25  graphite/S-glass/epoxy  ring, 
Specimen  No.  34-6  (lOu  mg  PETN  detonator). 
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Figure  4-48.  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[±22.5]p  graphite/S-glass/epoxy  ring,  Specimen  No.  34-7 
(100  mg  PEtN  detonator). 
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Figure  4-49.  Strain  records  in  steel  ring  and  SP288/AS  [i30]25 
graphite/epoxy  ring  under  dynamic  loading,  Specimen  No.  28-9 
(1.56  g  bullseye  powder,  KCHO^,  and  aluminum  dust). 
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Figure  4-50.  Strain  and  Its  derivatives  In  steel  ring 
for  Specimen  No.  28-9. 
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Figure  4-52.  Strain  records  In  steel  ring  and  SP288/AS  [±30]., 
graphite/epoxy  ring  under  dynamic  loading.  Specimen  No  28-10^® 
{1.56  g  bullseye  powder,  KC£0^.  and  aluminum  dust). 
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Figure  4-54.  Strain  records  in  steel  ring  and  SP288/AS  [430]2c 
graphite/epoxy  ring  under  dynamic  loading,  Specimen  No.  28-11 
(1.56  g  bullseye  powder,  KC£0^,  and  aluminum  dust). 
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Figure  4-56.  Stress-strain  curve  for  dynamically  loaded 
SPZ88/AS  [±30]2<;  graphite/epoxy  ring,  Specimen  No.  28-9 
(1.56  g  bullseye  powder,  KCtO, ,  and  aluminum  dust). 
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Figure  4-57.  Stress-strain  curve  for  dynawicaliy  loaded 
SPZS8/AS  [±30]2s  graphite/epoxy  ring.  Specimen  No.  28-10 
(1,56  g  bullseye  powder,  KCtO^.  and  aluminum  dust). 
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Figure  4-58.  Stress-strain  curve  for  dynamically  loaded 
SP288/AS  [+30]23  graphite/epoxy  ring,  Specimen  No.  28-11 
(1.56  g  bullseye  powder,  KC£0^,  and  aluminum  dust). 


4-81 


STRAIN,  e,  IQ-^c  STRAIN 


o 


TIME,  t,  ys 

Figure  4-60.  Circumferential  strain  and  its  derivatives  in  80AS/20S/PR288 

graphite/S-g1ass/epoxy  ring  under  dynamic  loading.  Specimen  No.  29-10 
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Figure  4-61.  Strain  records  1n  steel  ring  and  In  80AS/20S/PR288 
[i30]g5  graphIte/S-glass/epoxy  ring  under  dynamic  loading,  Specimen 
No.’Z?-11  (1.56  g  bullseye  powder,  KCtO.,  and  aluminum  dust). 
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Figure  4-62.  Circumferential  strain  and  Its  derivatives  In  80AS/20S/PR288 
[i30325  graphIte/S-glass/epoxy  ring  under  dynamic  loading,  Specimen  No.  29-11. 
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I  Figure  4-63.  Strain  records  In  steel  ring  and  in  80AS/20S/PR288 

[  [=*^30]25  graphlte/S-glass/epoxy  ring  under  dynamic  loading.  Specimen 

I  No.  29-12  (1.56  g  bullseye  powder,  KCHO^,  and  aluminum  dust). 
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Figure  4-64.  Circumferential  strain  and  its  derivatives  in  80Ay20S/PR288 
C±30]25  graphite/S-glass/epoxy  ring  under  dynamic  loading,  Specimen  No.  29-12 
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Figure  4-65.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±30]^*  graphite/S-glass/epoxy  ring. 
Specimen  No.  29-10  (1.56  g  bullseye  powder,  KCHO.,  and 
aluminum  dust). 
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Figure  4-66.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±30]2c  graphite/S-glass/epoxy  ring, 
Specimen  No.  29-11  (1.56  g  bullseye  powder,  KCllO^,  and 
aluminum  dust). 
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Figure  4-67.  Stress-strain  curve  for  dynamically  loaded 
80AS/20S/PR288  [±30]25  graphIte/S-glass/epoxy  ring. 
Specimen  No.  29-12  (1.56  g  bullseye  powder,  KCHO^,  and 
al umlnum  dust) . 
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Figure  4-69.  Strain  and  Its  derivatives  In  steel  ring  for  Specimen  No.  24-11 
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Figure  4-70.  Circumferential  strain  and  its  derivatives  in  SP288/AS 
[±45]2s  graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  24-11 
(1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-71.  Strain  records  in  steel  ring  and  SP288/AS  [±45]~. 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  24-12 
(1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-75.  Circumferential  strain  and  its  derivatives  in 
steel  ring  for  Specimen  No.  24-13. 
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Figure  4-76.  Circumferential  strain  and  its  derivatives  in  SP288/AS 
[±4532s  graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  24-13 
(1.56  g  pistol  powder,  KCHO^,  and  aluminum  dust). 
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Fi^we  4-77.  Stress-strain  curve  for  dynamically  loaded 
graphite/epoxy  ring.  Specimen  No.  24-11  (1.56  g  pistol 

and  aluminum  dust) . 
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Figure  4-78,  Stress-strain  curve  for  dynamically  loaded  SP288/AS  [±45]2* 
graphite/epoxy  ring.  Specimen  No.  24-12  (1.56  g  pistol  powder,  KC£0., 

and  aluminum  dust). 
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Figure  4-79.  Stress-strain  curve  for  dynamically  loaded  SP288/AS  [±45] 
graphite/epoxy  ring,  Specimen  No.  24-13  (1.56  g  pistol  powder,  KCJlO., 

and  aluminum  dust) .  ^ 
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Figure  4-80.  Strain  records  in  steel  ring  and  80AS/20S/PR283  [±45]- 
graphite/S-gl ass/epoxy  ring  under  dynamic  loading  for  Specimen 
No.  25-11  (1.66  g  pistol  powder,  KCW^,  and  aluminum  dust). 
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Figure  4-83.  Strain  records  in  steel  ring  and  8©AS/20S/PR288  [-^^32s 
graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen 
No.  25-12  (1.56  g  pistol  powder, -KCtO^,  and  aluminum  dust). 
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Figure  4-84.  Strain  and  its  derivatives  in  steel  ring  for 
Specimen  No.  25-12. 
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Figure  4-85.  Circumferential  strain  and  its  derivatives  in  80AS/20S/PR288 
[+45]p  graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen 
^^No.  25-12  (1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-86.  Strain  records  in  steel  ring  and  80Ai/20S/PR288  [±453^ 
graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen 
No.  25-13  {1.5C  g  pistol  aluminum  dust). 
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Figure  4-87.  Strain  and  its  derivatives  in  steel  ring  for 
Specimen  No.  25-13. 
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Fiqure  4-88.  Circumferential  strain  and  Us  derivatives  In  80AS/20S/PR288 
[i45]p  graphIte/S-glass/epoxy  ring  under  dynamic  loading  fbr  Specimen 
’No.  25-13  (1.56  g  pistol  powder,  KCiO^,  and  aluminum  dust). 
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Hgure  4-89.  Stress-strain  curve  for  dynanilcally  loaded  80AS/20S/PR288 
L±45]2s  graphIte/S-glass/epoxy  ring,  Specimen  No.  25-11  (1.56  g  pistol 
powder,  KCHO^,  and  aluminum  dust). 
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Figure  4-90,  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[tASlpgrapliite/S-gl ass/epoxy  ring.  Specimen  No.  25-12  (1.56  g  pistol 
powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-91.  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[±45]2  graph1te/S-glass/epoxy  ring,  Specimen  No.  25-13  (1.56  g  pistol 
powder,  KCM^,  and  aluminum  dust). 
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Figure  4-93.  Strain  and  its  derivatives  in  steel  ring  for 
Specimen  No.  22-6. 
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Figure  4-9'1.  Circumferential  strain  and  Its  derivatives  In  SP288/AS 
[±60],  graphite/epoxy  ring  under  dynamic  loading  for  Specimen 

No.  22-6. 
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Figure  4-95,  Strain  records  In  steel  ring  and  SP288/AS  [±60]2c 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  22-7 
(1.56  g  pistol  powder,  KCK.0^,  and  aluminum  dust). 
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Figure  4-96,  Strain  and  Its  derivatives  in  steel  ring  for 
Specimen  No.  22-7. 
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Figure  4-97.  Circumferential  strain  and  its  derivatives  in  SP288/AS 
[±6032g  graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  22-7 
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Figure  4-98.  Strain  records  In  steel  ring  and  SP288/AS  [±6032 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  fto.  22- 
(1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-?9.  Strain  and  its  derivatives  in  steel  ring  for 
Specimen  No.  22-8. 
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Figure  4-100.  Circumferential  strain  and  Its  derivatives  In 
SP288/A5  [±60]25  graphite/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  22-8. 


Stress  (Oflfl) * 


Fiaure  4-101.  Stress-strain  curve  for  dynamically  loaded  SP288/AS 
C+60],  graphite/epoxy  ring.  Specimen  22-6  (1  .56  g  pisto 
powder,  KMO^,  and  aluninum  dust). 
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Figure  4-104.  Strain  records  in  steel  ring  and  [-60]2c  80AS/20S/PR288 
graphite/S-glass/epoxy  ring  under  dynamic  loading  for  Specimen  No.  23-2 
(1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-106.  Circumferential  strain  and  Its  derivatives  In  [±60], 
80AS/20S/PR288  graphIte/S-glass/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  23-2. 
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Figure  4-107.  Strain  records  in  steel  ring  and  [±60]2s  80AS/20S/PR288 
graphite/S-gl ass/epoxy  ring  under  dynamic  loading  for  Specimen  No.  23-4 
(1.56  g  pistol  powder,  KCiO^,  and  aluminum  dust). 
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Figure  4-108.  Strain  and  its  derivatives  in  steel  ring 
for  Specimen  No.  23-4. 
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Figure  4-109.  Circumferential  strain  and  its  derivatives  in  [±60]2 
80AS/20S/PR288  graphite/S-glass/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  23-4. 


Strain  (e),  10  e  Strain  (e),  10 


i 

i 


4-133 


Strain  Acceleration  Strain  Rate  Strain  (e),  10 


Time  (t)  ,  ys 


Figure  4-112.  Circumferential  strain  and  its  derivatives  in 
80AS/20S/PR288  graphite/S-gl ass/epoxy  ring  under  dynamic  loading  ^ 
for  Specimen  No.  23-6. 
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Figure  4-115.  Stress-strain  curve  for  dynamically  loaded  [±60] 
80AS/20S/PR288  graphite/S-glass/epoxy  ring.  Specimen  No.  23-6 
(1.56  g  pistol  powder,  KCJIO^,  and  aluminum  dust). 
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Figure  4-116.  Strain  records  in  steel  ring  and  [±67.5]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  26-2 
(1.56  g  pistol  powder,  KCJIO^,  and  aluminum  dust). 
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Figure  4-117.  Strain  and  its  derivatives  in  steel  ring 
for  Specimen  No.  26-2. 
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Figure  4-119.  Strain  records  in  steel  ring  and  [±67.5]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  26-4 
(1.56  g  psitol  powder,  KWO^,  and  aluminum  dust). 
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Hgure  4-121.  Circumferential  strain  and  its  derivatives  in 
[±67.5]2  SP288/AS  graphite/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  26-4. 
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Figure  4-122.  Strain  records  in  steel  ring  and  [i67.5]2s  SP288/AS 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  26-6 
(1.56  g  pistol  powder,  KC£0^,  and  aluminum  dust). 
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Figure  4-124.  Circumferential  strain  and  its  derivatives  in 
[±67.5]p  SP288/AS  graphite/epoxy  ring  under  dynamic  loading 
for  Specimen  No.  26-6. 
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Figure  4-126.  Stress-strain  curve  for  dynamically  loaded  [±67.5]j, 
SP288/AS  graphite/epoxy  ring.  Specimen  No.  26-4  (1.56  g  pistol 
*  powder,  KWO^,  and  aluminum  dust). 
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Figure  4-127.  Stress-strain  curve  for  dynamically  loaded  [±67.5] 
SP288/AS  graphite/epoxy  ring,  Specimen  No.  26-6  (1.56  g  pistol 
powder,  KWO^,  and  aluminum  dust). 
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Figure  4-130.  Circumferential,  strain  and  Its  derivatives  In 
80AS/20S/PR288  [467. 532^  graphItc/S-glass/epoxy  ring  under 
dynamic  loading  for  Specimen  No.  27-2  (1.56  g  pistol  powder, 
KCtO^,  and  aluminum  dust). 
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Figure  4-131.  Strain  records  In  steel  ring  and  80AS/20S/PR288  " 

[i67.5}p  graphi te/S-qlass/epoxy  ring  under  dynamic  loading  for 
Spec1men*No.  27-4  (1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-132.  Strain  and  its  derivatives  in  steel  ring 
for  Specimen  No.  27-4. 


4-155 


Strain  Acceleration  (e),  ^  Strain  (e) . 

1^6  -2  Strain  Rate  (e),  s'  . .3 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Time  (t),  us 

Figure  4-133.  Circumferential  strain  and  its  derivatives  in 
80AS/20S/PR288  [±67.5]2s  graphi te/S-gl ass/epoxy  ring  under 
dynamic  loading  for  Specimen  No.  27-4  (1.56  g  pistol  powder 
KCJlO^,  and  aluminum  dust). 
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Figure  4-135.  Strain  and  Its  derivatives  In  steel  ring 
for  Specimen  No.  27-6. 
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Figure  4-136.  Circumferential  strain  and  Its  derivatives  In 
80AS/20S/PR288  [±67.5]25  graphIte/S-glass/epoxy  ring  under 
dynamic  loading  for  Specimen  No.  27-6  (1.56  g  pistol  powder, 
KCtO^,  and  aluminum  dust). 
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Figure  4-137.  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[±67.532e  graphIte/S-glass/epoxy  ring.  Specimen  No.  27-2  (1.58  -g  pistol 
powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-138.  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[±67.5]2s  graphIte/S-glass/epoxy  ring.  Specimen  No.  27-4  (1.56  g  pistol 
powder,  KCtO^,  and  aluminum  dust). 
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Figure  4-139.  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[±67.5]2s  graphite/S-glass/epoxy  ring,  Specimerr  No.  27-6  (1.56  g  pistol 
powder,  KCAO.,  and  aluminum  dust). 
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Figure  4-140.  Strain  records  In  steel  ring  and  SP288/AS  [±75]2c 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  20-^ 
(1.56  g  pistol  powder,  KWO^,  and  aluminum  dust). 
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Figure  4-142,  Circumferential  strain  and  its  derivatives  in 
SP288/AS  Ci7532s  graphite/epoxy  ring  under  dynamic  loading  for 
Specimen  No.  20-2  (1.56  g  pistol  powder,  KCtb^,  and  aluminum  dust). 
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Figure  4-143.  Strain  records  In  steel  ring  and  SP288/AS  [tlSlpc 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  20-4 
(1.56  g  pistol  powder,  Kao^,  and  aluminum  dust). 
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Figure  4-144,  Strain  and  Its  derivatives  In  steel 
for  Specimen  No.  20-4. 


Strain  Acceleration 


•» 


Time  (t),  ys 

Figure  4-145.  Circumferential  strain  and  its  derivatives  in  SP288/AS 
C±75]25  graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  20-4 
(1.56  g  pistol  powder,  KC£0^,  and  aluminum  dust). 
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Figure  4-146.  Strain  records  in  steel  ring  and  SP288/AS  [i75]p5 
graphite/epoxy  ring  under  dynamic  loading  for  Specimen  No.  20-/ 
(1.56  g  pistol  powder,  KC£0^,  and  aluminum  dust). 
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f'*'  Figure  4-150.  Stress-strain  curve  for  dynamically  loaded  SP288/AS 

[±75],  graphite/epoxy  ring.  Specimen  No.  20-4  (1.56  g  pistol 
powder,  KCIO^,  and  aluminum  dust). 
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Figure  4-152.  Strain  records  in  steel  ring  and  80AS/20S/PR288 
[t75]2s  graphite/S-glass/epoxy  ring  under  dynamic  loading  for 
Specimen  No.  21-2  (1.56  g  pistol  powder,  KCtO^,  and  aluminum  dust). 


/ 


u 

r> 

O 


C 

•H 

U 

W 


Time  (t),  ps 

Figure  4-153.  Strain  and  Its  derivatives  In  steel  ring 
for  Specimen  No.  21-2. 
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Figure  4-154.  Circumfarentlal  strain  and  Its  derivatives  In  [±75], 
80AS/20S/PR288  graphIte/S-glass/epoxy  ring  under  dynamic  loading  fo? 

Specimen  No.  21-2, 
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Figure  4-155.  Strain  records  in  steel  ring  and  80AS/20S/PR288 
[i/S]-  graphite/S-glass/epoxy  ring  under  dynamic  loading  for 
Specimen  No.  21-4  {1.56  g  pistol  powder,  KCiO^,  and  aluminum  dust). 
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Figure  4-157.  Circumferential  strain  and  Its  derivatives  in 
80AS/20S/PR288  graphlte/S-glass/epoxv  ring  under  dynamic  loading 
for  Specimen  No.  21-4. 
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Ftqure  4-U8.  Strain  records  in  steei  ring  and  R0AS/;?0S/PR288 
[tiSl.,  graphite/S-qlass/epoxy  ring  under  dynamic  loading  for 
Spccifh^n  No.  21-6  {V.S6gpistoi  powder,  KCtO^,  and  aluminum  dust. 
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Figure  4-160.  Circumferential  strain  and  Its  derivatives  1 
[±75]-  80AS/20S/PR288  graphite/S-glass/epoxy  ring  under 
dynamic  loading  for  Specimen  No.  21-6. 
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Figure  4-161.  Stress-strain  curve  for  dynamically  loaded  80AS/,2fi,SiFJB2S8 
[±75]2s  graphlte/S-glass/epoxy  ring.  Specimen  No.  21-2  (1.56  g  pistol 
powder,  KCS.0^,  and  aluminum  dust). 
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Flqure  4-163.  Stress-strain  curve  for  dynamically  loaded  80AS/20S/PR288 
[+75],  graphite/S-glass/epoxy  ring.  Specimen  No.  21-6  (1.56  g  pistol 
powder,  KUO^,  and  aluminum  dust). 
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5.  SUMMARY  AND  CONCLUSIONS 


Methods  developed  and  described  In  Part  I  of  this  report  were  applied  to 
the  characterization  of  angle-ply  laminates.  Two  material  systems,  SP288/AS 
graphite/epoxy  and  80AS/20S/PR288  graphIte/S-gl ass/epoxy,  were  characterized 
In  uniaxial  tension  at  three  strain  rates,  ranging  from  quasi-static  to  over 
500s”\  Laminate  ring  specimens  of  [±1532^,  [±22.5]2^,  [±3032^,  [±45325* 
[±60325*  [±67.5325*  and  [±75325  layups  were  loaded  under  Internal  pressure. 
Results  were  obtained  and  presented  In  the  form  of  stress-strain  curves  to 
failure.  Properties  determined  Included  moduli,  Poisson's  ratios,  strength, 
and  ultimate  strain. 

In  many  cases  the  dynamic  stress-strain  curves  show  Irregularities.  This 
Is  a  result  of  a  magnification  effect  of  some  small  experimental  scatter  and 
possibly  electronic  noise  effects  In  the  strain  data.  Small  deviations  In  the 
recorded  strain  data  can  have  a  large  Influence  on  the  strain  rate  and  strain 
acceleration.  The  terms  Including  strain  acceleration  effects  can  be  a  sub¬ 
stantial  portion  of  the  computed  effective  stress.  No  meaningful  observations 
could  be  made  of  the  failure  patterns  because  the  specimens  were  shattered  In¬ 
to  many  small  pieces  under  the  dynamic  loading  used. 

Average  results  for  all  specimens  tested  are  tabulated  In  Tables  5-1 
through  5-14.  The  effect  of  strain  rate  varies  with  layup,  being  lowest  for 
the  fiber  dominated  [*15323  ®nd  highest  for  the  matrix  dominated 

[±75325  laminates.  The  Initial  and  secant  moduli  show  small  Increases  with 
strain  rate  for  the  [*15325  layup-  The  average  Increase  with  strain  rate  for 
the  secant  modulus  Increases  from  lOX  for  the  [*15325  layup  to  over  200X  for 
the  [*75325  laminates.  The  highest  strength  Increments  over  the  static  values 
vary  from  approximately  14X  for  the  [*^5325  layup  to  275X  for  the  [±75325  layup. 
The  ultimate  strains  In  general  do  not  show  any  significant  trends  with  strain 
rate  for  all  layups.  In  six  of  the  fourteen  types  of  specimens  tested  the 
ultimate  strains  at  the  various  strain  rates  were  within  ±1055  of  the  mean  valie. 
In  five  other  groups  of  specimens  the  ultimate  strain  variations  were  within 
±2055  of  the  mean.  In  the  case  of  the  two  [±45325  gnjups  the  results  were  not 
conclusive  because  only  lower  bounds  were  obtained  for  the  static  ultimate 
strain. 
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TABLE  5-1. 

HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  C±15]j. 
SP288/AS  GRAPHITE/EPOXY  “ 

Specimen 

Numbers 

Strain  Rate 

Modulus  (Feo). 
GPa  (10‘  psi) 

Poisson's 

Ratio.., (vgx). 

Initial 

Properties 

35-1,3,5 

1  X  10*"* 

105  (15.2) 

0.86 

35-7,10.11 

16 

121  (17.5) 

0.80 

35-2,4,6 

190 

113  (16.4) 

0.76 

Secant  Properties 

35-1,3,5 

1  X  10'^ 

105  (15.3) 

1.00 

35-7,10,11 

44 

122  (17.8) 

0.81 

35-2,4,6 

224 

118  (17.1) 

0.84 

Terminal 

Properties 

35-1,3,5 

1  X  10’^ 

106  (15.4) 

1.22 

35-7,10,11 

101 

147  (21.3) 

0.67 

35-2,4,6 

273 

112  (16.2) 

0.71 

Ultimate  Properties 

Time  to 

Failure 

LlfhJtH 

Strength 

MPa  (ksl) 

Strain 

(^SeT) 

35-1,3,5 

1  X  10® 

823  (119) 

0.0078 

35-7,10,11 

199 

1049  (152) 

0.0086 

35-2,4,6 

40 

1029  (149) 

0.0088 
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TABLE  5-2.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±15]. 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Numbers 

Strain  Rate 
(C80).  s"‘ 

Modulus  (Eoe), 
GPa  (10  psi) 

Poisson's 
Ratio  (vex) 

Initial  Properties 

36-1,3,5 

1  X  10'^ 

95  (13.7) 

0.68 

36-6.10,11 

17 

104  (15.1) 

0.44 

36-2,4,7 

140 

133  (19.3) 

0.88 

Secant  Properties 

36-1 ,3,5 

1  X  lO"'’ 

95  (13.8) 

0.75 

36-6,10,11 

43 

95  (13.7) 

0.50 

36-2,4,7 

194 

101  (14.7) 

0,92 

Terminal 

Properties 

36-1 ,3.5 

1  X  10*^ 

95  (13.7) 

0.86 

36-6,10,11 

212 

91  (13.2) 

0.51 

36-2,4,7 

245 

50  (  7.2) 

1.08 

Ultimate  Properties 

Time  to 

Failure 

Strength 

HPa  (ksl) 

Strain 

^^eeT^ 

36-1  ,3,5 

1  X  10® 

806  (117) 

0.0085 

36-6,10,11 

240 

967  (140; 

0.01 03 

36-2,4,7 

43 

837  (121  ) 

0.0083 

» 
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TABLE  5-3.  HIGH  STRAIN  RATE-  TENSILE  PROPERTIES  OF  [±22.5] 
SP288/AS  GRAPHITE/EPOXY 


Specimen 

Number 

Strain  Rate 
(^80).  s“* 

Modulus  (Fee)* 
GPa  (10  psi) 

Poisson's 
Ratio  (Vflx). 

Initial  Properties 

33-1,3,5 

1x10*^ 

81.4  (11.8) 

1.18 

33-10,11 .13 

17 

78.4  (11.4) 

1.21 

33-4,6,7 

138 

131.7  (19.1) 

1.57 

Secant  Properties 

33-1,3,5 

1  X  10‘^ 

75.2  (10.9) 

1.25 

33-10,11,13 

45 

84.0  (12.2) 

1.22 

33-4,6,7 

197 

93.4  (13.5) 

1.22 

Terminal  Properties 

33-1 ,3.5 

1  X  10*^ 

70.7  (10.2) 

1.44 

33-10.11 ,13 

137 

67.6  {  9.8) 

1.23 

33-4,6,7 

287 

62.4  (  9.0) 

1.35 

Ultimate  Properties 

Time  to 
Failure 

Strength 

Strain 

33-1,3,5 

1x10® 

773  (112) 

0.0103 

33-10,11,13 

208 

771  (112) 

0.0093 

33-4,6,7 

43 

790  (115) 

0.0084 

TABLE  5-4.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±22.5]„ 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Numbers 

Strain  Rate 

Modulus  (Fee), 

GPa  (10‘  psi) 

Poisson's 
Ratio  (vft 

Initial 

Properties 

34-1 ,3,5 

1  X  10'^ 

68.5  (  9.9) 

0.83 

34-2,10,11 

17  ' 

75.7  (11.0) 

1.11 

34-4,6,7 

133 

126.1  (18.3) 

0.98 

Secant  Properties 

34-1,3,5 

1  X  10'^ 

63.0  (  9.1) 

0.98 

34-2,10,11 

47 

72.3  (10.5) 

1.02 

34-4,6,7 

217 

76.5  (11.1) 

0.97 

Terminal 

Properties 

34-1,3,5 

1  X  10‘^ 

57.4  (  8.3) 

1.12 

34-2.10,11 

206 

70.2  (10.2) 

1.28 

34-4,6,7 

296 

35.4  (  5.1) 

1.02 

Ultimate  Properties 

Time  to 

Failure 

ilfhJil 

Strength 

MPa  (ksl) 

Strain 

34-1,3,5 

1  X  10® 

653  (  95) 

0.01 04 

34-2,10,11 

227 

753  (109) 

0.0104 

34-4,6,7 

45 

731  (106) 

0.0095 
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TABLE  5-5.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±30]„ 
SP288/AS  GRAPHITE/EPOXY  ^ 


Specimen 

Numbers 

Strain  Rate 

liodulus  (Ege), 
GPa  {10®  psi) 

Poisson's 
Ratio  (vgx) 

Initial 

Properties 

28-1,3,5 

1  X  10‘^ 

58.6  (8.50) 

1.25 

28-2,12,13 

1  8 

48.4  (7.02) 

1.01 

28-9,10,11 

220 

85.7  (12.4) 

1.22 

Secant  Properties 

28-1,3,5 

1  X  10‘^ 

43.3  (6.28) 

1.50 

28-2,12,13 

58 

44.7  (6.48) 

1.17 

28-9,10,11 

297 

49.8  (7.2) 

1.20 

Terminal 

Properties 

28-1 ,3.5 

1  X  10*^ 

34.1  (4.94) 

1.75 

■’8-2,12,13 

179 

38.0  (5.50) 

1.33 

28-9,10,11 

428 

35.2  (5.1) 

1.16 

Ultimate  Properties 

Time  to 
Failure 
lif )  t.  PA 

Strength 

(Seg-rK 

HPa  iksi) 

Strain 

(-eV) 

28-1,3,5 

1  X  10® 

566  (82) 

0.01 32 

28-2,12,13 

223 

571  (83) 

0.0128 

28-9,10,11 

45 

660  (96) 

O.Oi33 
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TABLE  5-7. 


Specimen 

Number 


24-1  .3.5 

24-10. 

52-2.3.4 

24-11 .12.13 


24-10. 

52-2,3,4 

24-11  .12.13 


24-10. 

52-2,3.4 

24-11 .12,13 


24-1 .3.5 

24-10. 

52-2,3,4 


24-11  .12.13 


STRAIN  RATE  TENSILE  PROPERTIES  OF  [i45]» 
SP288/AS  GRAPHITE/EPOXY  ^ 


Strain  Rate 


Modulus  (Fee) , 
GPa  (10*  psi) 


Poisson's 

Ratio 


Initial  Properties 


X 

o 

1 

20.4  (  2.95) 

0.69 

14 

19.1  (  2.77) 

0.90 

168 

111.4  (16.15) 

0.78 

Secant 

Properties 

85 

17.6  {  2.55) 

0.80 

330 

40.3  (  5.83) 

0.88 

Terminal 

Properties 

359 

11.5  {  1.66) 

0.85 

415 

20.4  (  2.97) 

0.88 

>76 


494  (72) 
927  (134) 


0.0245 


TABLE  5-8,  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±45], 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Numbers 

Strain  Rate 
(^96).  S-* 

Modulus  (Fes). 

GPa  (10‘  psi) 

Poisson’s 
Ratio  (Vfix) 

Initial 

Properties 

25-1,3,5 

1  X  10'^ 

21.5  (3.12) 

0.74 

25-9, 

53-1,4,5 

17 

21.1  (3.06) 

0.77 

25-11,12,13 

277 

Secant 

50.8  (7.37) 
Properties 

0.76 

25-9, 

53-1 ,4,5 

111 

13.7  (1.99) 

0.68 

25-11,12,13 

555 

20.3  (2,95) 

0.77 

Terminal  Properties 


25-9, 

53-1,4,5 

368 

11.2  (1.62) 

0.67 

25-11  ,12,13 

853 

4.8  (0.69) 

0.60 

Ultimate  Properties 

Time  ±0 
Fal1u*e 

(t^)t  ps 

Strength 

, 

MPa  (ksl) 

Strain 

^‘^esT^ 

25-1,3,5 

3  X  10® 

>191  (27.7) 

>0.0265 

24-9, 

53-1 ,4,5 

255 

371  (54) 

0.0270 

25-11,12,13 

64 

711  (103) 

0.0353 

TABLE  5-9. 

HIGH  STRAIN  RATE  TENSILE  PROPERTIES 
SP288/AS  GRAPHITE/EPOXY 

OF  [±60325 

Specimen 

Numbers 

Strain  Rate 
(^99)  > 

Modulus  (^05), 

GPa  (10*  psi) 

Poisson's 
Ratio  (vgx) 

Initial 

Properties 

22-1,3,5 

1  X  10"^ 

14.0  (2.03) 

0.32 

22-9,10,11 

22  ' 

23.0  (3.34) 

0.25 

22-6,7,8 

250 

45.5  (6.59) 

0.48 

Secant  Properties 

22-1 ,3,5 

1  X  10"^ 

9.1  (1.32) 

0.34 

22-9,10,11 

60 

13.9  (2.01) 

0.39 

22-6,7,8 

342 

34.6  (5.02) 

0.34 

Terminal 

Properties 

22-1 .3,5 

1  X  lO"'’ 

5.6  (0.82) 

0.33 

22-9,10,11 

166 

12.1  (1.75) 

0.37 

22-6,7,8 

547  25.7  (3.75) 

Ultimate  Properties 

0.34 

Time  to 

Failure 

lifio—lil 

Strength 

MPa  (ksl) 

Strain 

22-1 ,3,5 

1  X  10® 

105  (15.2) 

0.0116 

22-9,10,11 

226 

182  (26.4) 

0,01 34 

22-6,7,8 

43 

511  (74) 

0.0145 

I 


TABLE  5-10.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±60],. 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Numbers 

Strain  Rate 

ihsit  s,.lL 

Modulus  (Fee), 
GPa  (10  psO 

Poisson's 
Ratio  (vqx) 

Initial  Properties 

23-1,3,5 

1  X  10"^ 

18.2  (2.64) 

0.30 

23-7,10,11 

1  26 

24.7  (3.58) 

0.24 

23-2,4,6 

220 

48.0  (6.96) 

0.34 

Secant  Properties 

23-1,3,5 

1  X  10"^ 

11.2  (1.62) 

0.33 

23-7,10,11 

59 

13.9  (2.01) 

0.38 

23-2,4,6 

280 

47.4  (6.86) 

0.29 

Terminal 

Properties 

23-1,3,5 

1  X  10”^ 

7.2  (1.05) 

0.36 

23-7,10,11 

165 

9.9  (1.44) 

0.35 

23-2,4,6 

440 

42.5  (6.16) 

0.24 

Ultimate  Properties 

Time  to 

Failure 

Strength 

M^^lksi) 

Strain 

(-69t) 

23-1 ,3.5 

1  X  10® 

94.8  (13.7) 

0.0085 

23-7,10,11 

195 

155.5  (22.5) 

0.0112 

23-2,4,6 

44 

566  (82) 

0.0122 

TABLE  5-n.  high  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±6J.^.5]^ 
SP288/AS  GRAPHITE/EPOXY 


Speclinen 

Numbers 

Strain  Rate 
(^99)  .-HL. 

Modulus  (Ege) , 
GPa  (10*  PS1) 

Poisson's 
Ratio  (Vfix) 

Initial  Properties 

26-1.3,5 

X 

o 

1 

12.0  (1.74) 

0.17 

26-10,11,13 

26 

17.3  (2.51) 

0.15 

26-2.4,6 

243 

48.8  (7.07) 

0.17 

Secant  Properties 

26-1 ,3,5 

1  X  10'^ 

10.5  (1.52) 

0.17 

26-10,11,13 

73 

12.8  (1.86) 

0.18 

26-2,4,6 

270 

36.2  (5.24) 

0.19 

Terminal 

Properties 

26-1 .3,5 

1  X  10‘^ 

8.7  (1.26) 

0.17 

26-10,11,13 

167 

8.5  (1.23) 

0.20 

26-2,4,6 

347 

22.9  (3.32) 

0.20 

Ultimate  Properties 

Time  to 

Failure 

Strength 

(Seei/*,. 

MPa  (ksl) 

Strain 

^^eoT^ 

26-1,3,5 

X 

o 

00 

85.1  (12.3) 

0.0081 

26-10,11,13 

142 

132.2  (19.2) 

0.0103 

26-2,4,6 

36 

339  (49) 

0.0096 
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TABLE  5-12.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OF  [±67.5],. 
80AS/20S/P1?288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Numbers 

Strain  Rate 

,C-L 

tfodulus  (E$8)* 
GPa  (10*  psO 

Poisson's 

Rat1o_[vM 

Initial 

Properties 

27-1,3,5 

>C 

o 

1 

14.4  (2.08) 

0.16 

27-10,11,13 

32 

20.3  (2.94) 

0.13 

27-2,4,6 

261 

45.0  (6.52) 

0.23 

Secant  Properties 

27-1,3,5 

1  X  10'^ 

12.4  (1.79) 

0.17 

27-10,11,13 

61 

15.7  (2.28) 

0.14 

27-2,4,6 

236 

42.7  (6.18) 

0.20 

Terminal  Properties 

27-1,3,5 

1  X  10"^ 

9.9  (1.43) 

0.17 

27-10,11 ,13 

134 

13.9  (2.02) 

0,20 

27-2,4,6 

253 

41.7  (6.05) 

0.17 

Ultimate  Properties 

Time  to 

Strength 

Strain 

Failure 

Xlf ) 

27-1,3,5 

X 

o 

CO 

76.1  (11.0) 

0.0062 

27-10,11,13 

144 

136.6  (19.8) 

0.0087 

27-2,4,6 

36 

356  (52) 

0.0083 

5-13 


TABLE  5-14.  HIGH  STRAIN  RATE  TENSILE  PROPERTIES  OP  C±75]- 
80AS/20S/PR288  GRAPHITE/S-GLASS/EPOXY 


Specimen 

Numbers 

Strain  Rate 
(^9e)t  C*. 

Modulus 

GPa  {10‘  psi) 

Poisson's 

Initial 

Properties 

21-1,5 

1  X  10"^ 

15.5  (2.25) 

0.10 

21-10,11 ,12 

34 

16.9  (2.45) 

- 

21-2,4,6 

217 

45.1  (6.53) 

0.03 

Secant  Properties 

21-1,5 

1  X  10"^ 

14.0  (2.03) 

0.06 

21-10,11,12 

64 

13.4  (1.94) 

0.04 

21-2,4,6 

223 

35.1  (5.09) 

0.02 

Terminal 

Properties 

21-1,5 

1  X  10'^ 

11.0  (1.59) 

0.11 

21-10,11,12 

116 

11.7  (1.69) 

0.11 

21-2,4,6 

295 

25.7  (3.72) 

- 

Ultimate  Properties 

Time  to 

Failure 

Strength 

Strain 

^^eeT^ 

21-1,5 

1  X  10® 

61.4  (  8.9) 

0.0047 

21-10,11,12 

110 

94.9  (13.8) 

0.0070 

21-2,4,6 

26 

223  (32) 

0.0066 

5-15 


